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Abstract

VISIBLE LIGHT PHOTOCATALYSIS OF ORGANIC REACTIONS IN H2O
by
Sankarsan Biswas

Advisor: Prof. Adam B. Braunschweig
Co-advisor: Prof. Rein V. Ulijn

Visible-light photocatalysis in H2O provides an attractive, green alternative to typical
organic synthesis, which often involves toxic solvents, metal catalysts, and large energy
demands. Hence, there is a growing need for an efficient photocatalytic methods that use either
aqueous media as a solvent or can proceed solvent-free. However, commercially available
photocatalysts do not work well for aqueous photocatalysis. Supramolecular systems in
particular have been explored recently to address these issues associated with aqueous
photocatalysis. Chapter 1 will review recent advances in aqueous supramolecular
photocatalysis with examples of different supramolecular systems and how they have
addressed some of the challenges associated with aqueous photocatalysis.
We envisioned that supramolecular photocatalytic polymers provide a promising
solution to this challenge as these polymers can recruit hydrophobic molecules inside the
nanofiber network, and, upon exposure to light, induce a chemical change that would otherwise
not occur in H2O. In Chapter 2, we show our design of new supramolecular photocatalytic
nanofibers for an aqueous photooxidation reaction. These supramolecular nanofibers are
iv

composed of amino acid-functionalized derivatives of the organic chromophore
diketopyrrolopyrrole (DPP). The monomeric units assemble into supramolecular nanofibers
upon in situ enzymatic hydrolysis. In our design, the catalyst itself is an inseparable part of the
monomer, forming high aspect ratio fibers, and, thereby, provides a high density of photoactive
sites upon assembly. DPP molecules have been functionalized with three different amino acids
(Y, F, or L) to modulate the supramolecular and photophysical properties of the assembly. In
our first study, we explored the ability of these supramolecular polymers to produce 1O2 in H2O
that under visible light irradiation. These nanofibers were then used for the photooxidation of
thioanisole and cyclohexyl methyl sulfide with yields as high as 100% and without overoxidation to the sulfone. With our initial success, we have started to explore the application of
our aqueous supramolecular catalysts for other important photocatalytic organic reactions.
Amidation is one of the most important reactions in chemistry and the pharmaceutical
industry. Amide bonds are prevalent in proteins, peptides, other natural products,
pharmaceuticals, and polymers. However, traditional amidation methods have poor atom
economy, produce toxic chemical waste, and often are moisture sensitive. Hence, there is a
need for new methods for amidation that proceed under mild reaction conditions and produce
less chemical waste. In Chapter 3, we show that, after systematic optimization of pH, light
intensity, and molar concentration, amidation reactions can be performed under mild reaction
conditions with quantitative yields in H2O using our photocatalyst. To further demonstrate the
transformational nature of these nanofiber photocatalysts, we have incorporated them into a
flow reactor for continuous amidation. Unlike other flow reactors, in our design, the catalyst is
in a stationary state, which means that the reaction can run continuously without reloading the
catalyst. Finally, I have shown the real and practical utility of these hydrogel photocatalysts by
using these catalysts to amidate over 20 amines and two peptides.

v

In Chapter 4, we explored the concept of photomechanochemistry – a simultaneous
combination of light and force, and how insolubility can tune the stereoselectivity of a [2+2]
photocycloaddition reaction. The dimerization of acenaphthylene is frequently studied to
understand how different reaction conditions affect the stereoselectivities and yields in [2+2]
photochemical cycloadditions. In organic solvents, where this reaction is typically carried out,
the products are a mixture of syn and anti dimers, and so the stereoselective formation of
cyclobutanes is a problem that continues to vex organic chemists. To drive the reaction to the
anti isomer, myriad conditions have been investigated by others, including the use of molecular
cages or toxic solvents. To this end, we found that: A) running the reaction in H2O produces
the anti product quantitatively and with among the highest anti stereoselectivity yet observed;
and B) syn stereoselectivity can be obtained under photomechanochemical conditions, even
though the anti product can be obtained when acenaphthylene crystals are irradiated in the
absence of force. Therefore, we show that force can alter the stereoselectivity, and report
solvent-free and environmentally benign conditions for forming the syn dimer as well.
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Chapter 1:
Supramolecular systems for aqueous visible-light photocatalysis

1

Supramolecular systems for aqueous visible-light
photocatalysis

1.1 Introduction
Organic reactions, which involve the making or breaking of the covalent chemical
bonds of organic molecules, play a major role in chemical industries that includes agrichemical,
coatings, cosmetics, detergents, dyes, foods, fuels, petrochemicals, pharmaceuticals, and
materials industries.1-3 However, organic reactions often rely upon toxic and rare heavy metal
catalysts, toxic solvents, and rely upon non-renewable energy sources for activation. More than
55 % of the chemical waste generated by the chemical industries come from organic solvents
that are used in purification,4 and organic solvents account for up to 85 % of waste by mass for
the pharmaceutical industries.5 The annual global industrial-scale production of organic
solvents has been estimated to be 20 million metric tons.6 Excessive consumption of these toxic
and volatile organic solvents have detrimental impacts on the environment, can cause
explosions and fires, and, as a consequence, are unsustainable. Sustainability has been
described by Cséfalvay7 as “Resources including energy should be used at a rate at which they
can be replaced naturally and the generation of waste cannot be faster than the rate of their
remediation.” As a consequence of the increasing focus on sustainability, many industrial
processes are now being scrutinized to assess their solvent consumption. 8, 9 Many common
organic solvents, such as toluene, chloroform, and dichloromethane, whose use was previously
2

widespread in the chemical industry, are now under strict restriction by European
regulations.10-12 However, in chemical reactions, solvents are still needed for purification, and
as reaction media that can affect selectivity, lower the activation barrier, and increase the
accessible surface area of reagents.13 As such, an ideal solution to address the challenge of
reaction sustainability would involve highly selective reactions that do not require complicated
purification steps and rely on environmentally benign solvents and energy sources.
Increasing the use of environmentally benign reagents and solvents, and maximizing
reaction efficiency, while minimizing the detrimental impacts of the chemical industry on
human health and the environment has recently become a major focus of research in organic
chemistry, and this movement is referred to as “green chemistry”14. The 12 principles of green
chemistry3 are: 1. prevent waste; 2. maximize atom economy by avoiding excess reagents and
minimize the production of byproducts; 3. design less hazardous chemical syntheses; 4. design
safer chemicals and products; 5. use safer solvents and reaction conditions; 6. increase energy
efficiency — design chemical synthesis that operates at room temperature and standard
atmospheric pressure; 7. use renewable feedstocks; 8. avoid chemical derivatives, such as
blocking or protecting groups in synthesis; 9. use catalysts, not stoichiometric reagents; 10.
design chemicals and products to degrade after use; 11. analyze in real time to prevent
pollution; and 12. minimize the potential for accidents. As such, room temperature catalytic
reactions and the elimination of organic solvents from organic reactions are major efforts
occurring within the green chemistry revolution.
Following the green chemistry guidelines, many companies have started implementing
solvent selection rules. Among these companies, Pfizer15 and GlaxoSmithKline
Pharmaceuticals4 are notable and amongst the first few companies to implement solvent
selection guide lines in their chemical production. Now many companies have started
implementing a solvent selection guide to make an impact for preserving the environment. Both
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these companies used different parameters to categorize solvents. Pfizer designated solvents as
preferred, usable and undesirable. On the other hand, GSK designated different solvents as few
issues, some issues, and major issues, but whether they are labelled preferred or few issues,
there is consensus on which solvents are sustainable (Table 1.1).12 According these guidelines,
the greenest solvents are H2O and i-propyl acetate. From the perspective of sustainability, H2O
is the most preferred solvent as it is non-flammable, safe, non-toxic, and abundant. Increasing
the use of H2O as a solvent for organic reactions is one of the major steps that must be taken
by researchers and the chemical industry to minimize the environmental impact and potential
risks associated with chemical syntheses.16, 17 Many of the earliest organic reactions including
Wohler’s synthesis of urea, Baeyer–Villiger oxidation, Wolff–Kishner reduction, Hofmann
degradation in the 18th and 19th centuries were carried out in H2O.18 In the 1980s19 Breslow et
al. showed that H2O can accelerate Diels–Alder reactions and improve endo–exo selectivity.20
As such, H2O is a possible solvent that can be used in the making and breaking of covalent
bonds. However, these reactions are still carried out primarily in organic solvents as most of
the organic and organometallic components required for a reaction are either insoluble in H 2O,
become inactive even in the presence of small amounts of moisture, or produce unwanted side
products in H2O.16 Considering all the potential benefits of aqueous catalysis, many H 2Otolerant transition metal and amine-based nonmetal catalysts have been developed in recent
years.16 However, the scope of these catalysts is limited, they often suffer from poor atom
economy, and are not reusable. Consequently, these reactions are not broadly adopted in the
synthetic organic chemistry research community or the chemical industry. To address this
disparity, new catalysts and catalytic systems are needed that offer high atom economy,
excellent reusability, have broad scope, while operating efficiently in H2O.
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Table 1.1 Solvent selection guidea for medicinal chemistry by Pfizer15 and GSK.4

a: Solvents highlighted in green are designated to be the safest solvents by both companies.
This table has been reproduced using the data provided in ref. 12, 15 and 4.

Visible-light photocatalysis, which involve photocatalysts that absorb low-energy
visible light to activate reagents for chemical reaction, provides an attractive green alternative
to conventional organic syntheses. Visible-light photocatalysis enables organic chemists to
create new bonds under mild conditions.21-27 One prominent articulation of this idea of using
visible-light for photocatalysis can be found in 8th International Congress of Applied Chemistry
in 1912 by Giacomo Ciamician.28 Ciamician speculated that chemical industries could and
should replace high-energy synthetic protocols with clean and cost-effective photochemical
transformations, which would have dramatic ecological benefits. Since then, the use of light as
5

reagent for developing efficient and selective chemical transformations has attracted significant
attention from chemists. Eary development of photocatalysis was limited to use of high energy
UV light for chemical transformation as most organic molecules do not absorb visible-light.
The use of visible light for photocatalysis blossomed in the beginning of 21 st century, when
scientists found that catalytic amounts of light-absorbing organic dyes and metal complexes
can be used for activating organic molecules for chemical transformations. Since 2008 when
the Yoon29 and MacMillan groups30 reported that metal complexes can be used to absorb
visible-light and to activate organic molecules, there has been a rapid growth in this field of
visible-light photocatalysis.31 Many important organic reactions, such as Csp3‒Csp3 bond
formation reactions,30, 32 Csp3‒Csp2 bond formation reactions,33-35 Csp2‒Csp2 bond formation
reactions,36,

37

carbon‒heteroatom bond formation reactions,38,

39

decarboxylative coupling

reactions,40, 41 and cycloaddition reactions42 are notable among the many reactions that have
been shown to be susceptible to visible light photocatalysis. 43
Visible-light photocatalysis are used in two different ways to drive reactions forward.
The first involves photocatalysts that participate in an electron transfer to or from a substrate.
This class of reactions are called photoredox catalysis (Figure 1.1A). In this process, the
photocatalyst acts as a radical initiator. After photoexcitation, there are four possible pathways
of how single electron transfer can occur to and from the photocatalysts. Often, a sacrificial
electron donor (typically amines or ascorbic acids) or electron acceptor (typically aerial or
dissolved O2, or peroxodisulfate) are required to complete the catalytic cycle and for the excited
photocatalysts to return to their ground state. Alternatively, if sacrificial donors or acceptors
are not used, these are called redox-neutral reactions. As a consequence of the short lifetime of
the photoexcited states of the catalysts, fast and irreversible electron transfer processes are
required for these photochemical reactions to occur.43 The second mode of reaction using
photocatalysts are via photosensitization (Figure 1.1B). In this process, instead of electron
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transfer, energy transfer occurs from the excited state photocatalysts to substrates which cannot
absorb visible light. Photocycloaddition reactions and photooxidation reaction by activating
dissolved O2 molecules are the most common examples of this class of reaction.

Figure 1.1 Different pathways of visible-light photocatalysis: A) Photoredox catalysis; B)
Photocatalysis via photosensitization.

Despite recent developments in the field of visible-light photocatalysis, there are many
unsolved challenges that still preclude the widespread adoption of aqueous, visible-light
photocatalysis to drive organic reaction. These include the challenges that most commercial
photocatalysts are limited to in organic solvents because the high dielectric constant of H 2O
quenches the excited triplet states of the photocatalysts, 44, 45 and even if the photoctalysts work,
they are limited to H2O-soluble substrates. Thus, new H2O soluble/dispersible photocatalytic
systems are required that can operate efficiently in H2O as well as can solve the problem of
substrate solubility.
Supramolecular systems, where molecules come together to form ordered assembles 46
as a result of noncovalent bonding, are particularly promising for expanding the reaction scope
of aqueous photocatalysis47 and, in many cases, lower the transition state energy of a reaction. 47,
48

Integrating supramolecular chemistry with aqueous photocatalysis could solve the substrate

solubility issue, as supramolecular systems can accommodate hydrophobic molecules in H 2O.
7

Noncovalent interactions are crucial for reactants to form suitable conformations, so
supramolecular systems can increase product selectivity as well as catalytic efficiency of an
organic reaction.47,

48

Thus, many supramolecular systems such as micelles, dendrimers,

cavitands and crown ethers48 operate as catalysts by creating microenvironments for
reactions.47 However, despite of all recent advances, the application of supramolecular systems
in aqueous, visible light photocatalysis is still under-developed, and combining the benefits of
visible light photocatalysis and supramolecular catalysis could lead to new, catalytic reactions
that could lead to a more sustainable chemical industry.

1.2 Discussion
This Chapter will focus on the development of and recent advances in aqueous,
supramolecular photocatalysts. By describing how different supramolecular systems and
chromophores were chosen to promote reactions in H2O, we hope to show the potential impact
that further developing these systems can have on organic chemistry and provide guidance for
the design of new photocatalytic systems for aqueous visible-light photocatalysis.
1.2.1 Molecular cage photocatalysts
A popular example of using supramolecular chemistry in catalysis involves molecular
cages. Molecular cages are 3D molecular structures with a cavity inside that can encapsulate
guest species.49 In 2004, Rebek et al.50 reported functionalized cavitands (bowl-shaped
structures) can be used for aminolysis reactions in H2O with high substrate specificity. Since
then, the use of different types of molecular cages and their ability to create precise
microenvironments for chemical reactions have been utilized to control the stereoselectivity
and the rate of reactions.49 All these finding showed that a well-defined binding pocket and
well-positioned functional groups in many organic reactions can improve reaction rate and
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selectivity in H2O, compared to the analogous reaction performed in organic solvents, and,
thus, molecular cages could also potentially be used in aqueous photocatalysis. 51
Recently Wang et al.52 have reported a H2O-soluble metal-organic container (MOC-16)
made of Rh-Pd metal complex (Figure 1.2). This water-soluble cage traps hydrophobic
molecules inside, and also acts as a photosensitizer to perform aqueous photocatalysis. This
supramolecular catalyst has been used for [2 + 2] cycloaddition reactions to construct
cyclobutane rings. Cyclobutanes are an important class of molecules that are found in primary
and secondary metabolites,53, 54 and many of cyclobutane derivatives have antimicrobial, 55, 56
antibacterial,56 and analgesic properties.56 One major challenge associated with the
construction

of

cyclobutane

rings

via

[2 + 2]

photocycloaddition

is

controlling

stereoselectivity. Wang et al.52 showed that MOC-16 can control stereoselectivity of [2 + 2]
photocycloaddition, while operating in H2O, by accommodating hydrophobic alkenes inside
the cavity. The role of the photoactive cage structure is to trap hydrophobic alkenes inside the
cavity as well as participated in photosensitization process where metals in the photoexcited
cage transfer energy to the alkenes, thereby facilitating [2 + 2] cycloaddition reactions. They
further explored a substrate scope to test the functional group tolerance. More importantly,
these cage catalysts produced syn-HH cyclobutanes in moderate to excellent yields with high
diastereoselectivity (d.r.) values for both homo- and heterocoupling photoreaction upon visible
light (blue LED) irradiation in DMSO-H2O solution (1:3, v/v). The authors have shown that
this catalyst can be reused, further increasing the atom-efficiency of this approach. Thus, this
system offers a sustainable method for performing cycloaddition reactions in H 2O with high
diastereoselectivity.

9

Figure 1.2 Aqueous [2+2] cycloaddition reaction using molecular cage. A) Design of the
photoactive cage. B) Mechanism of [2+2] cycloaddition reaction inside molecular cage. C)
Synthetic scheme for homocoupling and heterocoupling reactions. This figure has been
recreated using the figures and schemes provided in ref. 52.

In 2020, Noto et al.57 described a molecular capsule for aqueous, photocatalytic pinacol
couplings (Figure 1.3). The capsule was assembled from a V-shaped aromatic amphiphile (1a)
and a phenoxazine photoredox catalyst (3a). These capsules were prepared by manual grinding
of a mixture of 1a and 3a followed by dissolving the resulted mixture in H2O. Excess 3a was
10

then removed by centrifugation and filtration from the mixture. Finally, these capsules were
used for pinacol coupling reactions in aqueous media under visible light irradiation. This
supramolecular photocatalysts incorporates hydrophobic ketone inside the cavity where the
reaction can initiate. Upon photoirradiation with blue LED, electron transfer occurs from
excited 2a* to the ketone resulting ketyl radical, and 2a* itself oxidizes to form radical cation
2a+●. Single electron transfer from the sacrificial electron donor Et3N returns 2a+● to its ground
state. The hydrophilic ketyl radical escapes from the cavity and spontaneously absorbs
hydrogen from H2O and irreversibly dimerizes to produce the resulting pinacol product.
Functional group tolerance and catalyst recyclability were also demonstrated. Thus, this
supramolecular cage provides as unique photocatalytic method for the construction of C‒C
bonds under mild reaction conditions.

Figure 1.3 Aqueous pinacol coupling reaction using supramolecular capsule. A) H2O soluble, photoactive capsule made of V-shaped aromatic amphiphile 1a and photocatalyst 2a.
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B) Mechanism for the photocatalytic pinacol reaction. C) Pinacol coupling reaction. This figure
has been recreated using the figures and schemes provided in ref. 57.

1.2.2 Aqueous micellar photocatalysts
Micelles are spherical aggregates of surfactant molecules, which form in H 2O when
amphiphilic molecules aggregate in water. The hydrophilic region of these amphiphiles face
H2O, and the hydrophobic region of the amphiphile faces the core. Such supramolecular
systems can be prepared by adding a surfactants/amphiphiles above a critical concentration
into H2O. As micellar systems inherently have hydrophobic cores, they can solubilize
hydrophobic molecules inside. These systems are much more flexible in terms of
accommodating substrates inside the cavity than molecular cages and are easier to prepare as
the surfactants are often derived from abundant natural sources, so, a wide variety of organic
reactions can potentially be performed using micellar systems. As such, combining micellar
systems and photocatalysis is a promising approach for aqueous.
Micellar catalysis was first introduced in the 1970s as a means of solubilizing
hydrophobic organic molecules in H2O to hydrolysis and solvolysis reactions.58 Both the sizes
and shapes of micellar structures can be easily modulated by using different surfactants and
thereby can accommodate many organic reactions. As such, many reactions have been
developed using micellar systems for aqueous catalysis.59 In many examples, higher selectivity
has been observed in micellar systems compared to organic solvents.60 One major limitation of
micellar systems for catalysis is however, the amount of substrate that can be loaded inside
micelles. Thus, in recent years a majority of the research has been devoted in development of
new surfactants that would have a greater loading capacity and could accommodate a greater
diversity of organic reactions.59 Recently, a few examples of using micellar photocatalysts have
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been reported, indicating that this is a promising approach for extending photocatalysis into
H2O.

Figure 1.4 Aqueous difunctionalization of alkenes and sulfonation of enol acetates using
Ir-containing photocatalytic micelle. A) An amphiphile substituted Ir-based photocatalytic
system. B) Difunctionalization of alkenes and sulfonation of enol acetates. This figure has been
recreated using the figures and schemes provided in ref. 61.

In 2018, Bu et al.61 reported an amphiphile containing Ir-based photocatalyst that forms
micelles for room temperature aqueous photocatalysis (Figure 1.4). The authors have shown
that these catalysts can be used for reactions like difunctionalization of alkenes, sulfonation of
enol acetates, and sulfonylation of enamide. They have speculated that the Ir-complex
participated in a photoredox catalysis via sulfonyl radical generation, which then couples with
alkenes and enol acetates to produce resulting products. They have tested their optimized
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reaction conditions with a wide range of substrate scope and have shown the recyclability of
this catalyst over multiple reactions.

Figure 1.5 Aqueous arylations of heteroarenes using external surfactants to form micelle.
A) Surfactant based photocatalytic system. B) Arylation reactions of heteroarenes. This figure
has been adapted using the figures and schemes provided in ref. 52.

Following the success, Bu et al. subsequently the reported62 arylation reaction of
heteroarenes with aniline derivatives using Eosin B as the photocatalyst and Triton X-100 as
an external surfactant (Figure 1.5). Unlike the previous example, here the authors have used
commercially available surfactants and organic photocatalysts instead of heavy metal-based
photocatalysts. They tested different surfactants and organic photocatalysts, and found Eosin
B as the most suitable organic photocatalyst and Triton X-100 as the surfactant that gives the
best performance. This reaction can be run under ambient atmosphere and without using a cosolvent. They have tested their reaction conditions for various aromatic amines containing
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different functional groups along with different heteroarenes. They have speculated that upon
photoirradiation, photocatalyst Eosin B reduces aryl diazonium ions to form aryl radicals. This
aryl radical then reacts with unsaturated compounds to produce arylated heteroarenes. Thus,
they have shown that visible light photocatalysis in H2O can be accomplished with
commercially available surfactants and photocatalysts.

Figure 1.6 Micelle assisted assembly driven C-C bond forming reaction H 2O. A)
Photocatalytic system. B) Proposed mechanism. C) Assembly-promoted single electron
15

transfer assisted C‒C bond formation; Asc, L-ascorbate. This figure has been adapted using
the figures and schemes provided in ref. 63.

Recently, in a report by Giedyk et al.63, the authors reported a C‒C bond forming
reaction between photoactivated alkyl chlorides and alkenes in aqueous media by using
surfactants to encapsulate hydrophobic species (Figure 1.6). They have tested the effect for
using different surfactants and found aqueous sodium lauryl oligoethylene glycol sulfate
(SLES) to be the optimal surfactant. In this system, the cationic Ir complex binds on to the
negatively charged micelles. Upon photoexcitation by blue light, the excited Ir complex
absorbs one electron from the ascorbate dianion via reductive quenching resulting
in[Ir(dtbby)●─(ppy)2]. The [Ir(dtbby)●─(ppy)2] is not, however, the active catalyst.
[Ir(dtbby)●─(ppy)2] gets excited one more time by absorbing one more photon, thereby
generating an [Ir(dtbby)●─(ppy)2]* complex. Hence, the Ir complex participates in a twophoton excitation process. The alkyl chloride absorbs one electron from this doubly excited
[Ir(dtbby)●─(ppy)2]* complex, yielding the radical alkyl chloride anion. Ir(dtbby)●─(ppy)2]*
then returns to the ground state. The alkyl chloride anion spontaneously cleaves, yielding an
alkyl radical anion in H2O, resulting in an alkyl radical anion then either absorbs H from the
environment to produce the dehalogenation product, or participates in C–C coupling with an
olefin. With their optimized reaction conditions, they were able to successfully show both interand intramolecular C-C bond forming reaction over wide range to substrate scope.
1.2.3 Supramolecular polymer photocatalysis
The use of supramolecular polymers in catalysis has gained popularity 64-68 as networks
formed by these polymers can associate with hydrophobic organic compounds in H 2O and,
thus, can bring them into aqueous solvents, making them reactively accessible despite poor
solubility.69 H2O-soluble/dispersible polymers have been used since the 1990s70, 71 for creating
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highly reactive catalysts. Many macromolecules such as star polymers72, 73 and dendrimers74,
75

have been employed for aqueous catalysis, and because of their polymeric nature, these

catalysts are easily separability from H2O. Eisenreich et al. recently reported76 a single chain
polymeric nanoparticle for reductive dehalogenation of aromatic halides in H 2O. These
polymeric nanoparticles fold into H2O, and can accommodate hydrophobic molecules.
Although this catalytic system can be reused over multiple cycles, this system requires high
energy UV (385 nm) light.76 Ideally, these polymeric photocatalytic systems could be used for
catalyzing multiple different organic reactions, operate in open air at rt, are reusable, are easily
separated from the reaction mixture, and can be activated by low energy, visible light.
Another approach for developing new polymeric photocatalysts would involve welldefined supramolecular fibers. Neumann et al.77 and Tena-Solsona et al.78 have shown that a
self-assembled, 1D fiber network can enhance catalytic activity compared to its non-assembled
counterpart for non-photocatalytic reactions. These supramolecular hydrogel photocatalysts
have been used for the oxidation of iodide,79 hydrogen production,80 CO2 reduction,81 and for
NAD(P)H reduction.82 There remain, however, several drawbacks with hydrogel
photocatalysts, including the limited control of positioning and accessibility of photoactive
sites, the possibility of dissociation of noncovalently bound photoactive sites from the gel, the
photostability of the catalyst, and scalability. We proposed that by making the catalyst an
integral and inseparable component of the gelator itself, supramolecular photocatalysts could
be produced with an increased number of photoactive sites and increased stability as, in this
design, catalyst cannot dissociate from the gel. With that in mind, we reported recently 83 (see
Chapter 2) (Figure 1.7) a supramolecular photocatalytic system that is composed of the
organic dye diketopyrrolopyrrole (DPP). These monomers assemble into supramolecular
nanofibers. DPP was chosen as the organic dye as it has been known that emergent
photophysical properties84 such as long-lived triplet excited states as a result of singlet
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fission,85-89 arise upon self-assembly of DPP into these supramolecular nanofibers. The DPP
has been di-N-functionalized with three amino acid methyl esters (DPP-(XOMe)2; X = Y, L,
or F) and these were used as the monomeric units of the supramolecular polymers. Selfassembly of these monomers were triggered by the enzymatic hydrolysis of terminal methyl
esters with -chymotrypsin to form the corresponding carboxylic acids, DPP-(XOH)2. We
have first used these supramolecular polymers to efficiently produce 1O2 and catalyze oxidation
reactions. In this process, energy of triplet excited state of DPP gets transferred to the dissolved
O2 molecule to excite them to , more reactive singlet state, 1O2. The resulted 1O2 was
subsequently used for the photooxidation of sulfides in H2O. We found that our supramolecular
photocatalysts can be used for photooxidation of thioanisole and cyclohexyl methyl sulfide to
their corresponding sulfoxides under mild reaction conditions. More details of this work can
be found in Chapter 2.
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Figure 1.7 Visible-light photooxidation enabled by a supramolecular hydrogel. A)
Biocatalytic self-assembly of DPP-(XOMe)2 into superstructures via in situ enzymatic
hydrolysis with chymotrypsin. These superstructures were used for the photooxidation of
thioanisole and cyclohexyl methyl sulfide via 1O2 formation in H2O. B) Proposed mechanism
for the sulfoxidation reaction via photosensitization. C) Photosufoxidation of aliphatic and
aromatic sulfides in H2O.

After our initial demonstration of the ability of these supramolecular polymers to drive
organic reactions in water, we investigated their ability to catalyze amidation reactions as they
are one of the most important reactions in the chemical and pharmaceutical industries.90, 91
Traditional amidation reactions rely on carboxylic acid activation using coupling reagents and
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subsequent reactions with amines.92 These methods have poor atom economy, produce toxic
chemical waste, and often are moisture sensitive. Hence, there is a need for new methods for
amidation that proceed under mild reaction conditions and produce less chemical waste. After
systematic optimization of pH, light intensity, and molar concentration, we found that
amidation reactions can be performed under mild reaction conditions with quantitative yields
in H2O using our DPP-(XOH)2 photocatalyst with quantitative yields (Figure 1.8). The
mechanism of the reaction was analyzed to understand the trends in reactions yields. Liu et
al.93 reported single electron transfer (SET) from the electron-rich thioacetate anion to the
excited state Ru2+* produces thioacid radicals upon photoirradiation. A thioacid radical then
forms the key disulfide intermediate, which then reacts with amines via an SN2 step. Analogous
to this previously reported amidation mechanism, we proposed (Figure 1.8B) that photoexcited
DPP* is reduced to DPP•‒ by the electron-rich thioacetate, 1, via SET, which results in the
formation of the thioacid radical, 4. Subsequently, DPP• ̶ returns to the ground state to complete
the catalytic cycle by transferring one electron to dissolved O2. Thioacid radical 4 then
undergoes a diradical coupling reaction and forms the disulfide intermediate 5. Amine 2 then
reacts with 5 to afford the desired amide and produce the second intermediate 6. Amines then
further react with 6 to produce another molecule of amide via amylolysis.94, 95 To further
demonstrate the transformational nature of these supramolecular photocatalysts, we have
incorporated them into a flow-reactor for continuous amidation. Unlike other flow reactors, in
our design, the catalyst is in a stationary state, which means that the reaction can run
continuously without reloading the catalyst. Finally, we have shown the real and practical
utility of these hydrogel photocatalysts by using these catalysts to functionalize over 20 amines
and two peptides. More details of this work can be found in Chapter 3.
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Figure 1.8 Aqueous amidation using reusable supramolecular photocatalysts. A) The
DPP-(XOH)2 supramolecular photocatalyst. B) Proposed mechanism for the amidation
reaction. C) Visible-light induced amidation in H2O using DPP-(XOH)2 photocatalysts.

1.3 Conclusions
Solvents play an important role in controlling the reaction rates, equilibrium and reagent
accessibility in organic reactions.96 Among all solvents, H2O is the ideal green solvent as it is
non-toxic and safe for organic reactions. Alternatively, visible light photocatalysis uses
renewable solar energy or household light as a source for chemical reactions. Thus aqueous
21

visible-light photocatalysis is an attractive combination of the two that should be developed
further in an effort to further sustainable organic synthesis. As most organic molecules as well
as photocatalysts are insoluble in H2O, new methods and catalysts must be developed.
Supramolecular catalytic systems thus present an attractive solution to many of the challenges
that have precluded the wider adoption of aqueous, visible-light photocatalysis. In this chapter,
we have summarized the recent advances in supramolecular visible-light photocatalysis in
H2O. Many of these catalytic systems have provided a green and sustainable method for
carrying out important organic reactions. Some of these catalytic systems provide easy catalyst
separation through filtration and, at the same time, provide catalyst reusability. Despite of these
great achievements, examples for aqueous photocatalytic reactions are still limited, and to
achieve the goal of green synthesis more examples of visible-light aqueous phootocatalysis
must be developed.
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Chapter 2:
Visible-light photooxidation in H2O by 1O2-generating supramolecular hydrogels

Contents from this chapter are adapted from the published paper: “Visible-Light
Photooxidation in H2O by 1O2-Generating Supramolecular Hydrogels” Sankarsan Biswas,
Mohit Kumar, Andrew M. Levine, Ian Jimenez, Rein V. Ulijn, Adam B. Braunschweig,
Chemical Science, 2020, 11, 4239-4245. (https://doi.org/10.1039/C9SC06481H)
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Visible-light photooxidation in H2O by 1O2-generating
supramolecular hydrogels

2.1 Introduction
There is a growing need for new catalytic methods that proceed photochemically under
visible light illumination, are compatible with aqueous solvents, and avoid the need for
expensive heavy metals, thereby reducing detrimental environmental impacts.1-9 In this
context, organic photocatalysts that operate in aqueous solvents have been the focus of
considerable recent interest as sustainable alternatives to conventional photocatalysts. 10-14 To
date, these photocatalysts/photosensitizers are primarily porphyrin-based, and their
photocatalytic applications are mostly limited to H2O-soluble substrates.
There remain several substantial challenges that have precluded the broader adoption of
aqueous photocatalysts, including their inability to act upon hydrophobic molecules in aqueous
media and the lack of alternatives to porphyrin-based photocatalytic systems that work
efficiently in H2O. Catalytic supramolecular hydrogels provide a promising solution to this
challenge.15-19 Hydrogel networks can address the solubility problem because hydrophobic
aromatic compounds often associate into the nanofiber network in H2O and become reactively
accessible.20 For example, the Meijer21 and Escuder22 groups have shown that a self-assembled,
1D fiber network enhances catalytic activity compared to its non-assembled counterpart.23-28
Most recent examples of hydrogel photocatalysts 29 involve co-assembling of the photocatalysts
35

with gelators, where catalysts and gelators are two separate components. These hydrogel
photocatalysts were used for the oxidation of iodide,30 hydrogen production,31 polymer
crosslinking,32 and artificial photosynthesis.33,34 There remain, however, several drawbacks
with hydrogel photocatalysts, including the limited control of positioning and accessibility of
photoactive sites and the possibility of dissociation of non-covalently bound photoactive sites
from the gel. We propose that by making the catalyst an integral and inseparable component
of the gelator itself, supramolecular photocatalysts could be produced with increased number
of photoactive sites and enhanced stability.

Figure 2.1 Visible-light photooxidation enabled by a supramolecular hydrogel. (A)
Biocatalytic self-assembly of the LMWGs into superstructures via in situ enzymatic hydrolysis
of DPP-(XOMe)2 with chymotrypsin. These superstructures were used for the
photooxidation of thioanisole and cyclohexyl methyl sulfide via 1O2 formation in H2O. (B)
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Photoactive precursors, DPP-(XOMe)2 and components, DPP-(XOH)2, of the supramolecular
hydrogels.

In this Chapter, we report a new approach to aqueous photocatalysis composed of organic
chromophores that assemble into chiral supramolecular hydrogels, where the catalytic site is
itself both a structural and functional component of the photoactive gel. The assembly of the
gels is driven by aromatic amino acid bola-amphiphiles 35 that form in a controlled manner
through biocatalytic self-assembly that occurs following hydrolysis of methyl esters in the
presence of -chymotrypsin.36,37 This versatile and reproducible biocatalytic assembly
approach previously provided functional hydrogels by reducing the formation of disordered
aggregates, and is especially relevant to self-assembly involving poorly soluble functional
components.38,39 Here, the precursors for these low molecular weight gelators (LMWGs) are
composed of the chromophore diketopyrrolopyrrole (DPP) with amino acid methyl esters
connected through a linker appended to the heterocyclic N (Figure 2.1). The self-assembly is
activated in situ through enzymatic ester hydrolysis leading to rebalancing of amphiphilicity to
favor unidirectional assembly. Aromatic components provide hydrophobic contacts and π…π
interactions, and the amino acid residues provide chirality and H-bonding, leading to the
formation of 1D superstructures in H2O. The ability to vary the amino acid side chain chemistry
provides a versatile route to explore different superstructures.40 DPP was chosen as the
chromophore as it has been used previously to generate 1O2 upon irradiation with visible light,
41-45

which is a powerful oxidizing agent in catalysis. 46-48

Here we demonstrate the utility of this catalytic platform by oxidizing the sulfide
thioanisole and cyclohexyl methyl sulfide to their corresponding sulfoxide in H2O, which is a
relevant model system because sulfoxides are precursors in the synthesis of several
pharmaceuticals and many common preparations suffer from overoxidation to the sulfone. 46, 49
37

We have assessed the catalytic activities of three such DPP-based supramolecular hydrogels
that vary in their amino acid side chains, where they include either tyrosine (Y), phenylalanine
(F) or leucine (L). The two aromatic amino acids were chosen as they are prone to
supramolecular gelation,50 and aliphatic leucine (L) was selected as a control because it forms
fibers but is not prone to gelation. We found that the hydrogel state plays a vital role in
facilitating catalysis, presumably by sequestering the hydrophobic thioanisole and cyclohexyl
methyl sulfide inside the fiber networks. This study demonstrates how the incorporation of
photocatalysts in conjunction with hydrogel formation can play a vital role in photooxidation
of hydrophobic substrates in H2O, towards sustainable and environmentally benign visiblelight photocatalysis.

2.2 Objectives
This Chapter will focus on the development and characterization of DPP(XOH)2 supramolecular photocatalysts, and highlight the application of these photocatalysts as
a photosensitizer to generate 1O2 in H2O followed by photooxidation of aromatic and aliphatic
sulfides. This Chapter will also draw a connection between self-assembled nano-fibers and
their catalytic efficiency.

2.3 Results and Discussion
The design of our LMWGs requires a chromophore that would produce long-lived
triplets in response to light, which can generate 1O2, and to which amino acids could be readily
appended to direct subsequent aqueous supramolecular assembly. Achieving controlled
photooxidation by using dissolved oxygen in aqueous media poses several significant
challenges because of the low solubility and short 1O2 lifetime.51,52 Photosensitizers with long
excited state lifetimes facilitate efficient energy transfer, converting 3O2 into 1O2, thereby
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increasing catalytic efficiency. DPP was selected as the photosensitizer because it has been
shown previously to generate 1O2 in the context of photodynamic therapy.45 It is also known
that triplet lifetimes for DPP increase from ps53 to s54 upon assembly because the excited state
of DPP has the ability to undergo singlet fission. Although, DPP has been used in the context
of organic semiconductors and solar cells,55,56 to our knowledge it has not yet been used for
aqueous catalysis or photocatalysis.

Figure 2.2 Preparation and characterization of hydrogel. Sequential enzymatic hydrolysis
of DPP-(YOMe)2 in phosphate buffer (pH 8, 100 mM, 5% DMSO) in the presence of chymotrypsin (1 mg mL-1). (B) Photograph of reaction vial at 0 min (left) and at 7 h (right).
(C) HPLC analysis of enzymatic hydrolysis of DPP-(YOMe)2 at 10 mM. (D) CD spectra
showing the formation of homochiral superstructure during the enzymatic hydrolysis of DPP39

(YOMe)2 at 10 mM. (E) TEM images of DPP-(YOMe)2 (left) and DPP-(YOH)2 (right). (F)
Oscillatory rheology of the DPP-(YOH)2 (10 mM) gel showing elastic modulus (G′) of 1.7 kPa
(Angular Frequency = 10 rad/s; Frequency sweep).

All three DPP-(XOMe)2 derivatives were synthesized in four steps following identical
procedures. First, the DPP core was prepared by Dieckmann condensation of dimethyl
succinate and thiophene-2-carbonitrile with 87% yield. The core was then functionalized at the
heterocyclic N with tert-butyl acetate via an SN2 substitution with 47% yield. The diester was
then hydrolyzed with trifluoroacetic acid in 97% yield, and the final diacid was then
functionalized with different amino acids via HBTU coupling in 81% yield for DPP-(YOMe) 2,
84% yield for DPP-(FOMe)2, and 81% yield for DPP-(LOMe)2. L-enantiomers of the amino
acids were incorporated to facilitate subsequent -chymotrypsin catalyzed hydrolysis. All
LMWG precousors were characterized by 1H NMR and

13

C NMR spectroscopy, and high-

resolution mass spectrometry, and all data were consistent with the proposed structures.

Changing amino acids provided access to distinct supramolecular structures for
investigating how subtle changes in assembly affect the photophysical properties and catalytic
performance of the hydrogels. The assembly was studied by high performance liquid
chromatography (HPLC), UV-Vis, fluorescence, and circular dichroism (CD) spectroscopies,
transmission electron microscopy (TEM), atomic force microscopy (AFM), and rheology. The
DPP heterocycle is hydrophobic and insoluble in most organic and aqueous solvents, and,
consequently, the DPP-(XOMe)2 derivatives have limited solubility in aqueous solvents. Thus,
to trigger supramoleculat self-assembly and make the hydrogels, 200 mM stock solutions of
LMWGs DPP-(YOMe)2 and DPP-(LOMe)2 were prepared in DMSO and then diluted with 100
mM phosphate buffer (pH 8) containing 1 mg mL-1 -chymotrypsin (Sigma, lyophilized power,
40

≥ 40 units/mg protein). DPP-(FOMe)2 was sparingly soluble in DMSO at room temperature,
so rather than creating a stock solution, it was directly weighed in a vial and DMSO was added
followed by heating until solubilized to create a gel. To this hot DMSO solution, phosphate
buffer was added, and the solution was sonicated. After the solution reached room temperature,
enzyme in phosphate buffer was added to a final concentration of 1 mg mL -1. 10 mM solutions
of DPP-(YOH)2 and DPP-(FOH)2 formed self-supporting hydrogels after 1 h for DPP-(YOH)2
and 2 h for DPP-(FOH)2, while the DPP-(LOH)2 did not gel. All enzymatic hydrolysis reactions
were monitored by HPLC to assess the reaction kinetics and yields. The hydrolysis of DPP(YOMe)2 took 7 h to complete (confirmed by LC-MS, Figure 2.2 C), whereas DPP-(YOMe)2
and DPP-(FOMe)2 took three days for complete hydrolysis, suggesting that gelation occurs
well before hydrolysis is completed.

Figure 2.3 UV-Vis spectroscopic analysis of DPP-(XOH)2 at pH 8. A) UV-Vis monitoring
of enzymatic hydrolysis of DPP-(YOH)2 at 10 mM in phosphate buffer. B) Absorbance
41

monitoring at different wavelengths during the hydrolysis of DPP-(YOMe) 2 at 10 mM in
phosphate buffer. C) Change in the ratio of A/B during the hydrolysis of DPP-(YOMe) 2 at 10
mM in phosphate buffer. D) A) UV-Vis spectra of DPP-(YOH)2, DPP-(LOH)2 and DPP(FOH)2 at 10 mM in phosphate buffer

Because of its faster hydrolysis and gelation, DPP-(YOMe)2 was used to explore in
greater detail the kinetics and photophysical properties of gelation. As DPP-(YOH) 2 formed a
self-supporting gel at 10 mM, the characterization studies were performed at this concentration,
unless otherwise noted. We first used HPLC to monitor the kinetics of enzymatic hydrolysis.
After exposing DPP-(YOMe)2 to the enzyme, aliquots of the reaction mixtures were taken
periodically and added to a 1:1 CH3CN:H2O mixture for HPLC-MS analysis. All species
present in the enzymatic reaction were characterized by high-resolution mass spectroscopy,
which, together with HPLC chromatograms, confirmed the presence of DPP-(YOMe) 2,
YOMe-DPP-YOH and DPP-(YOH)2 in the reaction mixtures. The relative peak integrations
showed an increase of DPP-(YOH)2 with a decay of DPP-(YOMe)2 over time (Figure 2.2C).
The intermediate YOMe-DPP-YOH was observed within the first 8 min of the reaction, after
which DPP-(YOH)2 became the dominating species in the reaction mixture. It was found that
92% conversion into DPP-(YOH)2 was observed within 3 h, while complete hydrolysis (>96%)
took 7 h. Superstructure formation during hydrolysis was monitored by CD spectroscopy. After
exposing DPP-(YOMe)2 to the enzyme, aliquots of the reaction mixtures were taken
periodically for CD measurements. A bisignated CD signal was observed with a positive signal
from 650 nm to 550 nm followed by a negative signal from 550 nm to 450 nm (Figure 2.2D),
and signal intensity increased for all peaks over time. This bisignated cotton effect is a hallmark
of dyes that are aggregated into homochiral helical superstructures. 57,58 Signal intensity
approached saturation after 3 h, when HPLC data suggests that 92% of the hydrolysis is
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completed. Similarly, aliquots of the reaction mixtures of DPP-(FOH)2 and DPP-(LOH)2 were
analyzed by CD after 3 d of exposure to -chymotrypsin. When comparing CD spectra for
DPP-(XOH)2, it was found that DPP-(LOH)2 and DPP-(YOH)2 have similar bisignated CD
signals between 650-450 nm, whereas the CD signal of DPP-(FOH) 2 had a negative signal from
650 nm to 560 nm followed by a positive signal from 560 nm to 525 nm. The different CD
signal for DPP-(FOH)2, confirms that superstructure geometry is dependent upon F, Y, L
amino acid side chains.

Figure 2.4 Fluorescence and CD spectroscopic analysis of DPP-(XOH)2 at pH 8. A)
Fluorescence spectra of DPP-(YOH)2, DPP-(LOH)2 and DPP-(FOH)2 at 10 mM in phosphate
buffer (ex= 450 nm). B) CD spectra of DPP-(YOH)2, DPP-(LOH)2 and DPP-(FOH)2 at 10
mM.

The biocatalytic self-assembly of DPP-(YOMe)2 was also monitored by UV-Vis
(Figure 2.3) and fluorescence (Figure 2.4) spectroscopies to observe the photophysical
changes that occurred upon their transformation into 1D-superstructures. To monitor the
changes of the UV-Vis spectra over time, the reaction mixture was sonicated and vortexed for
10 s, and aliquots of DPP-(YOMe)2 (10 mM in 100 mM phosphate buffer pH 8 with 5% DMSO
and 1 mg mL-1 enzyme) were periodically analyzed. Time dependent UV-Vis spectroscopy
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revealed a change in the intensity ratio of the characteristic DPP max at 512 nm and 540 nm,
corresponding to the 0-1 and 0-0 transitions, respectively (Figure 2.3). It has been previously
reported that H- and J- aggregates can be differentiated for the DPP dyes based upon the ratio
of 0-1/0-0 vibronic peaks, where a higher 0-1 peak indicates H-aggregates, and a higher 0-0
peak is suggestive of J-aggregates.59-61 By monitoring the change in this ratio during hydrolysis
it was found that the ratio went from more than unity (t < 40 min) to less than unity (t > 40
min), suggesting that J-aggregates form upon biocatalytic hydrolysis and assembly.
Comparative analysis of the UV-Vis spectra (Figure 2.3D) of all DPP-(XOH)2 showed that
DPP-(LOH)2 has a sharper absorbance and less scattering compared to DPP-(FOH)2 and DPP(YOH)2 which have much broader features and more scattering in the UV-Vis spectrum which
could be related to the relative degrees of gelation. The final 0-1/0-0 ratios of all DPP-(XOH) 2
are also dependent upon the amino acids. These data suggest that DPP-(LOH)2 formed Haggregates, whereas DPP-(YOH)2 is a J-aggregate, and DPP-(YOMe)2 is a mixed state. Time
dependent fluorescence for the hydrolysis of DPP-(YOMe)2 (ex = 450 nm, 10 mM) showed
that the intensity at 557 nm and 601 nm increased for the first 50 min, after which intensity
gradually decreased until 100 min, when hydrolysis is nearly completed. Comparison of the
fluorescence spectra of all three DPP-(XOH)2, taken after 1 d for DPP-(YOH)2 and 3 d for
DPP-(FOH)2 and DPP-(LOH)2, showed that DPP-(LOH)2 has the highest emission intensity
among all DPP-(XOH)2 (Figure 2.4), which can be explained because aggregation of DPP
leads to quenching,62 and the most weakly assembled hydrogel has the least aggregationinduced quenching. DPP-(FOH)2, in contrast showed the least emission intensity, suggesting
the formation of a highly aggregated species (Figure 2.4).
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Figure 2.5 TEM images of DPP-(XOH)2 pH 8. A) TEM images of DPP-(YOMe)2. A) TEM
images of DPP-(LOMe)2. A) TEM images of DPP-(FOMe)2.

Further evidence of superstructure formation was provided by TEM analysis of DPP(YOMe)2 (Figure 2.2E) and DPP-(YOH)2 (Figure 2.2E & 2.5) that were taken at 0 min and
at 7 h after exposure to the enzyme. AFM and TEM show fibers with 6.2 ± 1 nm diameters.
This diameter is larger than that of the molecular dimension of DPP-(YOH) 2 (~ 2 nm)
suggesting bundle formation rather than single molecular stacks. Microscopic evidence of fiber
formations for DPP-(LOH)2 and DPP-(FOH)2 were also obtained by TEM imaging. Although
DPP-(YOH)2 transformed into uniform fibers after enzymatic hydrolysis, DPP-(LOH)2 and
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DPP-(FOH)2 formed a distribution of both thin fibers and bundled fibers (Figure 2.5). These
data confirm that all LMWGs formed 1D-superstructures upon enzymatic hydrolysis, although
only DPP-(YOMe)2 and DPP-(FOMe)2 formed hydrogels. Rheology measurements on DPP(YOH)2 and DPP-(FOH)2 were performed to define viscoelastic moduli and it was found that
they have an elastic moduli (G’) of 1.7 kPa (Angular Frequency = 10 rad/s) in the frequency
sweep (Figure 2.2F). Rheology measurements on DPP-(FOH)2 showed the formation of a
much stronger hydrogel (G′ of 21 kPa; Angular Frequency = 10 rad/s) compared to DPP(YOH)2. This is expected because of the more hydrophobic nature of DPP-(FOH) 2 compared
to DPP-(YOH)2 and DPP-(LOH)2.

Figure 2.6 Quantification of singlet oxygen generation. A) Changes in the absorption
spectrum of DPBF upon irradiation (ex= 535 nm) in the presence of DPP-(YOH)2 (recorded
at 2 min intervals). B) Changes in the absorption spectrum of DPBF upon irradiation (ex= 535
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nm) in the presence of DPP-(FOH)2 (recorded at 2 min intervals). C) Changes in the absorption
spectrum of DPBF upon irradiation (ex= 534 nm) in the presence of DPP-(LOH)2 (recorded
at 2 min intervals). D) Plot of the absorbance of DPBF at 418 nm vs irradiation time in the
presence of DPP-(XOH)2 against methylene blue as the standard.

Table 2.1 Sulfoxidation under different conditions.a (A) Sulfoxidation of thioanisole and
cyclohexyl methyl sulfide into their corresponding sulfoxides by photogenerated 1O2 in the
presence of a supramolecular DPP hydrogel. (B) Optimization table with varying LMWGs and
solvents (D2O or H2O).

a: Unless otherwise noted, all reactions were conducted with 1.0 mL of reaction solutions and
were used for photooxidation after enzymatic hydrolysis of corresponding DPP-(XOMe) 2
without any further purification. Thioanisole and cyclohexyl methyl sulfide were added to these
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solutions and stirred under positive pressure of air for 48 h. Final concentration of the sulfides
were 0.4 mM in the hydrogel. The solution was irradiated with a white halogen light that was
connected to the reaction chamber with an optical fiber and reactions were performed at rt. All
yields were calculated from HPLC.

Next, all these DPP-(XOH)2 were then tested for their ability to produce 1O2 upon
photoirradiation. 1O2 yields for these DPP-(XOH)2 catalysts were determined by following a
previously reported indirect method, where methylene blue (MB) was used as a standard
photosensitizer and 1,3-diphenylisobenzofuran (DPBF) as an indicator.63 Please note that due
to high extinction coefficient of DPP, we were unable to use this method in H 2O at the gelation
concentration. All catalysts (DPP-(YOH)2, DPP-(FOH)2, DPP-(LOH)2) were first dissolved in
DMSO, then DPBF and the catalysts were mixed in a 1:1 ratio and saturated with air. These
mixtures were excited for 2 min (ex= 534 nm for DPP-(LOH)2, ex= 535 nm for DPP-(YOH)2
and ex= 535 nm for DPP-(FOH)2) in a fluorimeter, and absorbance were taken immediately
after excitation to monitor changes in DPBF intensity. This process was then repeated 5 more
times. The decrease in absorbance at 418 nm from the photooxidation of DPBF by 1O2 was
then compared with the decrease caused by MB under identical experimental conditions to
provide 1O2 yields of 67% for DPP-(YOH)2 and 71% for DPP-(LOH)2, which is the highest
1

O2 yield reported yet for DPP-based molecules,64 and 47% for DPP-(FOH)2 (Figure 2.6).

We then demonstrated the photooxidation of thioanisole and cyclohexyl methyl sulfide
by these supramolecular hydrogels. The challenge associated with sulfoxidation in H 2O is that
the precursor sulfides are hydrophobic and generally insoluble in H 2O. The nanofiber network
of photocatalysts surrounding them could increase substrate accessibility towards the
photocatalysts. The oxidation experiments were performed in 1 mL solutions of catalysts, those
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were prepared in 5 mL vials via enzymatic hydrolysis of the corresponding DPP-(XOMe)2
directly. Thioanisole and cyclohexyl methyl sulfide were then added into these systems after 7
h for DPP-(YOH)2 and after 3 d for DPP-(FOH)2 and DPP-(LOH)2 and stirred under positive
pressure of air for 3 days. A white light source (150 W Fiber Optic Dual Gooseneck Microscope
Illuminator) was used for all photooxidation reactions. To explore the reaction scope and the
effect of reaction conditions on yield, we varied solvent, and the amino acid substitutions chain
and concentration of DPP-(XOH)2 (Table 2.1). For initial optimization of the reaction
conditions, we used thioanisole as a model substrate. For DPP-(YOH)2 it was found that yield
increases with increasing concentration of supramolecular catalyst, with an increase in yield
from 2% to 30% as [DPP-(YOH)2] increases from 5 mM to 10 mM, and a similar trend was
observed upon increasing [DPP-(FOH)2] from 5 mM to 10 mM giving rise to an increase from
14% to 39%. In both cases, gelation was only observed at the higher concentration, indicating
that gelation and fiber formation have a positive role in catalysis. The observed yield decreased
at [DPP-(YOH)2] > 10 mM, which can be explained by the poor light penetration at higher
[DPP-(YOH)2] because of the high extinction coefficient of the LMWGs or because of slower
diffusion of the reactants through this denser gel. For further confirmation of the positive effect
of gelation on catalysis, 10 mM of DPP-(LOH)2, which does not form a hydrogel, was
examined as a catalyst for the photooxidation of thioanisole. Under the same reaction
conditions, the yield at 10 mM (10%) was much lower compared to the gel-forming samples.
In addition, a control experiment with soluble 10 mM DPP-acetate (7) was performed which
gave rise to a much-reduced oxidation yield of 3% yield compared to that observed in DPP(YOH)2, DPP-(FOH)2 and DPP-(LOH)2. These observations strongly suggest that both fiber
formation and hydrogelation are crucial for the catalysis, presumably because the gel networks
trap hydrophobic thioanisole molecules and improve the accessibility towards photoactive
sites. All non-assembled/randomly assembled precursors (DPP-(XOMe)2) of these catalysts
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had lower yields than the assembled forms of these catalysts. Yields were further increased to
87% in DPP-(YOH)2 (10 mM) and 67% in DPP-(FOH)2 (10 mM) by using D2O phosphate
buffer as a solvent. It is known that 1O2 has a higher lifetime in D2O (68s) vs H2O (4 s).65
1:1 (v:v) mixture of D2O and H2O had half the yield (44%) compared to catalysis in 100%
D2O. Photooxidation experiments in D2O were only performed for DPP-(YOH)2 and DPP(FOH)2 as these catalysts gave higher yields in H2O compared to DPP-(LOH)2. In order to
investigate if the higher yields for DPP-(YOH)2 and DPP-(FOH)2 are related to the interaction
of the substrate with aromatic cores of F/Y and thioanisole, we have carried out our
photooxidation reaction with cyclohexyl methyl sulfide (aliphatic sulfide) with all three
catalysts. A first observation was that these experiments produced a much higher yield
compared to the photooxidation of thioanisole. DPP-(YOH)2, DPP-(FOH)2, and DPP-(LOH)2
showed 100%, 94%, and 88% yields respectively. These data show the same correlation for a
non-aromatic substrate, thus suggesting that hydrogelation, or more precisely, the favorable
fiber/solvent interactions may indeed have a positive effect in catalysis, and the effect is more
prominent in case of aromatic substrates because of better accessibility of the catalytic DPP in
the case of Y, F compared to L derivatives. The overall higher yield is perhaps not surprising
as a similar trend has been reported in another research article 66 where authors have prepared
a series of flavin-cyclodextrin conjugates for enantioselective sulfoxidation of both aromatic
and aliphatic sulfides using hydrogen peroxide as an oxidant. To further confirm that this
reaction is indeed photocatalyzed, we performed control experiments both with 10 mM of DPP(YOH)2 in dark and without any catalyst. Both of these failed to produce sulfoxide. Another
control experiment for the photooxidation of thioanisole, using agarose hydrogel (5 mg/mL),
containing soluble DPP-acetate (7) was performed. This experiment resulted in 5 % yield of
the oxidized product, which is significantly lower than that of self-assembled DPPhydrogelator photocatalysts. We believe that this experiment clearly suggests the advantages
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of hydrogelators, where the photocatalyst is itself an integral and inseparable component of the
gelator. In addition, we found that the photooxidation proceeds optimally at room temperature
with 2.5 mol% catalyst loading. Finally, the absence of any evidence of sulfone in HPLC data
showed that this approach is also chemoselective and does not suffer from over oxidation. 67-70

2.4 Conclusions
A new strategy for photooxidation that combines supramolecular gelation and catalysis
in an effort to simultaneously achieve high yield, circumvent the need for toxic and expensive
metals, and operate in H2O has been studied. A small library of supramolecular catalysts was
obtained by varying amino acids appended to the heterocyclic N of the DPP core. Tuning the
hydrophobicity of the amino acids enabled us to access different superstructures (H- / J- /
Mixed state) and photophysical properties. In studying the conditions for the catalytic
photooxidation of thioanisole and cyclohexyl methyl sulfide in H2O, it was found that the
favorable solvent/fiber interactions that cause hydrogelation, and supramolecular aggregation
of the photocatalyst play a vital role in catalytic efficacy. The effect is more prominent in the
case of aromatic substrates. Lower yields for the oxidation of thioanisole in H2O compared to
D2O can be explained by the relatively low 1O2 lifetimes in the former. This catalyst is designed
following the principles of hierarchical structure and emergent photophysics that are common
in nature, but not yet widely adopted by the catalytic community, and this manuscript shows
how at least some of the major challenges in synthesis could be addressed by this approach. 71
Finally, the high 1O2 yield in these DPP hydrogels and our design approach have potential
further applications towards sustainable asymmetric visible-light photocatalysis, wastewater
remediation, oxygen sensing, and photodynamic therapy.
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Chapter 3:
Aqueous amidation with metal-free, reusable supramolecular photocatalysts

Contents from this chapter are adapted from the submitted paper: “Aqueous amidation with
metal-free, reusable supramolecular photocatalysts” Sankarsan Biswas, Serah B. Essang,
Milan A. Shlain, Dorian Pietraru, Aaron Brijlall, Brent L. Nannenga, Rein V. Ulijn, Adam B.
Braunschweig, Submitted for publication
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Aqueous amidation with metal-free, reusable
supramolecular photocatalysts

3.1 Introduction
Amide bonds are essential linkages in peptides and proteins, natural products, 1
pharmaceuticals,2,3 and polymers,4 and, as a consequence, amidation remains an essential
transformation for furthering chemistry and biology. 5-7 Amide bond formation is the most
important and most frequently used reaction in the pharmaceutical industry, and amides are
present in 25% of registered drugs.6 Despite their prevalence and importance, limitations in
current approaches continue to drive the search for new methods to generate amide bonds, and
so amidation remains a major area of investigation in synthesis. Traditional amidation
approaches (Figure 3.1A) rely upon carboxylic acid activation with stoichiometric coupling
reagents.8 Among the issues that have been reported for these systems are poor atom-economy,
the production of significant toxic chemical waste, the requirement of undesirable organic
solvents, and the systems used are often moisture sensitive. In fact, in 2007 the American
Chemical Society Green Chemistry Institute9 identified replacing amidation reactions with
poor atom-economy as the top challenge in organic synthesis. In the period since this survey
was released, catalytic amidation has received substantial attention (Figure 3.1B), and
breakthroughs involve amidation via boron catalysis,10 oxidative amidation,11 ester amidation
with nitro-arenes,12 and enzymatic amidations.13,14 While these methods have improved
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substantially the atom-economy of amidation, there is still a need to develop methods for
amidation with broad substrate scope that minimize waste, energy, and organic solvent usage.
Visible-light photocatalysis15,16 is an attractive alternative to conventional organic
catalysis because new chemical bonds are prepared under mild reaction conditions, and, to this
end, several successful photocatalytic amidations have been developed in recent years. 17-19
These reactions (Figure 3.1B) frequently involve heavy-metal photocatalysts18,19 and organic
solvents.17-19 The most common organometallic photocatalysts used in amidations, such as
Ru(bpy)32+ and Ir[dF(CF3)ppy]2(dtbpy), are insoluble in H2O and they often display
incompatibility with reactive intermediates, which eventually leads to catalyst deactivation. 20,21
Organic photocatalysts such as eosin Y, acridinium, triarylpyryliums, and quinolinium dyes
are attractive alternatives, but they lose their reactivity in the presence of strong acid/base and
strong nucleophiles, and electrophiles.22-24 These photocatalysts often photodegrade, suffer
from poor reusability, and involve complicated chromatographic purification to separate the
catalysts from the products following the reaction.15 Heterogeneous organic photocatalysts, e.g.
mpg-C3N4,25 have gained attention as an alternative to homogenous organic catalysts because
of their excellent photostability, and because they can be separated from soluble products by
filtration and reused. However, these heterogenous organic catalysts operate in organic solvents
and require near-UV light.25,26
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Figure 3.1 Comparison between other approaches vs our approach for amidation. (A)
Classical amidation methods involving carboxylic acid activation. (B) Recent advances in
catalytic amidation. (C) White-light amidation in aqueous buffer using DPP-(XOH) 2
supramolecular photocatalyst. X refers to tyrosine (Y), phenylalanine (F), and leucine (L).

Here we report a new amidation approach that relies upon heterogenous organic
supramolecular photocatalysts (Figure 3.1C) and addresses the issues highlighted ̶ it is a
metal-free, heterogeneous photocatalyst that is reusable without the loss of catalytic efficiency,
operates in aqueous solutions, has broad substrate scope, and is activated by visible light.
Supramolecular nanofibers, composed of monomers that assemble into 1D superstructure as a
result of noncovalent interactions, have recently been reported as promising aqueous
catalysts27-33 because hydrophobic molecules associate to their nonpolar regions, 34 and, as a
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consequence, have enhanced catalytic activity compared to their monomeric counterparts. 35,36
These supramolecular fibers, however, have not been adopted widely by the synthetic
community because of poor reusability, perceived lack of robustness, and their limited reaction
scope. Fibrous supramolecular photocatalysts are more rare and have been used for oxidation
of iodide,37 hydrogen production,38,39 CO2 reduction,40 and for NAD(P)H reduction.41 We
reported (Chapter 2)42 (Figure 3.3A) a photocatalyst composed of supramolecular fibers,
whose monomeric units are the organic dye diketopyrrolopyrrole (DPP) that is di-Nfunctionalized with amino acid methyl esters (DPP-(XOMe)2; X = Y, L, F). Upon hydrolysis
of both terminal methyl esters with -chymotrypsin to form the corresponding carboxylic
acids, these monomers assemble into supramolecular nanofibers. This enzymatic assembly
approach43 aids in the self-assembly of hydrophobic molecules into unique nanostructures for
these systems that are otherwise prone to form kinetic aggregates in aqueous media. 44,45 The
emergent photophysical properties46 that arise upon self-assembly into these supramolecular
nanofibers include long-lived triplet excited states as a result of singlet fission 47-51 and the
ability to produce 1O2.42 These properties were leveraged previously to oxidize thioanisole and
cyclohexyl methyl sulfide to their corresponding sulfoxides (discussed in Chapter 2). In this
report, we study how supramolecular nanofibers, whose monomers are composed of DPP
functionalized with tyrosine (Y), phenylalanine (F), or leucine (L) side chains, are able to form
nanofibrous materials that photocatalytically drive amidation between amines and potassium
thioacid salts. Conditions for photocatalytic amidation were optimized by reacting
phenethylamine with potassium thioacetate, and substrate scope was subsequently explored.
We show that these catalysts despite their supramolecular nature, can be reused with no loss of
efficiency, and, finally, we incorporate them into a flow-through photoreactor whereby
reagents are passed over the catalyst, and products are seamlessly separated from the reaction.
This reactor has been used to acetylate the N-termini of two different medically-relevant
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dipeptides, alanine-alanine and glycine-methionine, as a demonstration of utility. These
amidation conditions have broad scope, produce substantially less waste than conventional
methods, and, with the flow-through geometry, can be run continuously with a fixed quantity
of catalyst. As such, adopting this supramolecular catalytic approach could help address one of
the most vexing and long-standing challenges in organic synthesis – the search for mild
amidation conditions.

3.2 Objectives
This Chapter will focus on the application of DPP-(XOH)2 supramolecular
photocatalysts in amidation reaction, optimization of the reaction conditions, study of the
reaction mechanism, reusability of the catalyst, and how pH affects supramolecular assembly
and catalytic efficiency. In this Chapter, we demonstrate the application of DPP(XOH)2 supramolecular photocatalysts in photoredox catalysis. This Chapter will also discuss
the potential application of these photocatalysts in a flow reactor for a continuous amidation
reaction.

3.3 Results and Discussion
The ability of the DPP-(XOH)2 fibers to catalyze the formation of amides from the
reaction between thioacids and amines was assessed. Thioacid-mediated amidation has
emerged recently as a promising strategy because the reaction proceeds selectivity in the
presence of other functional groups and with high yields.52-56 These methods typically
necessitate metal catalysts and pungent thioacids. To address this challenge, Liu et al.18 used
thioacid salts, which are readily obtained from the corresponding carboxylic acid, with
Ru(bpy)3Cl2 as the photocatalyst, and MeCN as the solvent. Encouraged by this previous work,
we chose amidation using potassium thioacetate (1a) and phenethylamine (2a) as our model
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reaction against which reaction conditions were optimized. The effect of catalyst composition
(X = F, L, or Y), pH, light intensity, and reagent ratio on amidation yield were all assessed
(Table 3.1). For our initial screening, we used 2 equivalents of 1a with respect to 2a to mirror
the best conditions reported by Liu et al.18 The first step in all photocatalytic amidation
reactions that were performed was the in situ enzymatic assembly of the catalyst using 10 mM
of DPP-(XOH)2 in 1 mL of 100 mM phosphate buffer solution (PBS) containing 10% DMSO
and 1 mg mL−1 -chymotrypsin, leading to supramolecular fiber formation. Reactants were
added at varying concentrations and ratios (see Table 3.1), and the reaction mixtures were
irradiated with white light at room temperature for 18 h under continuous stirring in a
PhotoRedOx box (HepatoChem), unless otherwise noted. We chose the DPP-(FOH) 2 system
and pH 6.7 for our initial trial. The products were extracted using EtOAc, and conversions were
monitored by 1H NMR. Using 500 mM of 2a and 250 mM of 1a provided the product with 21
% conversion. Under identical conditions, no product formation was observed in the absence
of light. Repeating the reaction under inert atmosphere did not increase the conversion (21 %).
Examining the role of light intensity, the LED power was reduced to 14 mW, while reactions
were carried out in open air, which increased conversion nominally to 25 %. An 85 %
conversion was obtained by reducing [1a] from 250 mM to 167 mM, and [2a] from 500 mM
to 167 mM. The effect of the amino acid side chain (X = F, L, or Y) at pH 6.7 on the reaction
followed. We found that both DPP-(YOH)2 and DPP-(LOH)2 gave similar conversions to DPP(FOH)2, 86 and 90 %, respectively. We then examined the role of light source by replacing the
white light with 525 nm light (18 W LED), as DPP-(FOH)2 absorbs strongly at 525 nm.
However, only 74 % conversion was observed. Next, we studied photocatalytic efficiency of
DPP-(XOH)2 at pH 8.0, which lowered conversion for all three catalysts (29, 32, and 19 % for
DPP-(FOH)2, DPP-(YOH)2, and DPP-(LOH)2, respectively) compared to pH 6.7. Finally,
increasing the photoirradiation time from 18 h to 20 h at pH 6.7 resulted in full conversion of
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1a using DPP-(FOH)2. Under these optimized conditions, full conversion of 1a was also
observed when using only 1.2 equivalent of 2a, instead of 2 equivalents, illustrating that this
reaction can be run in aqueous buffer with quantitative yield and excellent atom economy.

Table 3.1 Optimization of the photocalytic amidations with DPP-(XOH) 2 catalysts.a

a: All reactions were performed in a PhotoRedOx box (HepatoChem) under white light
irradiation (HepatoChem; 18 W, 6200 K cold white LED), in open air, and photoirradiation
was stopped after 18 h, unless otherwise noted. 10 mM of DPP-(XOH) 2 in 1 mL of 100 mM
phosphate buffer solutions containing 10% DMSO and 1 mg mL −1 -chymotrypsin were used
to optimize reaction conditions. aConversions were calculated from 1H NMR. bReaction was
performed under inert atmosphere. c525 nm light (HepatoChem; PF Series, λmax = 525 nm 18
W LED). d20 h photoirradiation.
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To understand the observed differences in the catalytic efficiency of DPP-(XOH) 2 at
different pH values, supramolecular catalysts were characterized at pH 6.7 and 8.0 (Figure
3.3A) by transmission electron microscopy (TEM), UV-Vis spectroscopy, and fluorescence
spectroscopy. As we have shown previously,42 enzymatic hydrolysis of DPP-(XOMe)2 to form
DPP-(XOH)2 goes to completion within 24 h. TEM images (Figure 3.3B) for all DPP-(XOH)2
showed thinner fibers at pH 6.7 compared to pH 8.0. The most noticeable difference found was
for DPP-(FOH)2, where at pH 6.7 the width of the fibers was 6.3 ± 1.1 nm compared to the
169.6 ± 25.9 nm found for the bigger fibers found among a wide distribution at pH 8.0. High
resolution TEM reveals that these larger bundles are composed of closely packed individual
fibers of 1.2 nm width which matches the molecular dimension of DPP-(FOH)2. Bundling of
the individual fibers decreases the solvent exposed surface area. The UV-Vis absorbance
(Figure 3.2) decreased at pH 6.7 relative to pH 8.0 for all DPP-(XOH)2 with an increase in the
baseline intensity, consistent with increased assembly/ decreased free monomer at lower pH. 57
A similar dependency between nanofiber width and pH for amino acid functionalized DPPs
has been observed previously,58,59 and the greater surface area of thinner fibers compared to
thicker fibers at pH 8.0, which, in turn will possess more available catalytic sites than thinner
fibers, may account for the greater catalytic efficiency at pH 6.7.
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Figure 3.2 UV-Vis spectra of DPP-(XOH)2 at pH 6.7 vs pH 8.0.

Figure 3.3 Preparation and characterization of different catalysts. (A) Biocatalytic selfassembly of DPP-(XOH)2 into a fiber network at pH 6.7 and 8.0 via in situ enzymatic
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hydrolysis of DPP-(XOMe)2 with α-chymotrypsin. At higher pH thicker bundles are formed,
with fewer catalytic sites exposed. (B) TEM images of self-assembled DPP-(XOH) 2 nanofibers
at pH 6.7 and 8.0.

The demonstration of a broad substrate scope is essential for the adaptation of a new
method by the synthetic community. To this end, we examined (Figure 3.4) the yields for the
amidation reaction between a series of primary and secondary amines with potassium
thioacetate (1a) and potassium thiobenzoate (1b). We selected DPP-(FOH)2 as the catalyst for
these amidation studies because DPP-(FOH)2 was most easily filtered out from the mixture
after the reaction is completed as a result of the stability and persistence of these fibers. Both
NMR yields and isolated yields have been reported after filtering off the catalyst followed by
extraction with EtOAc. Column chromatography was performed when incomplete conversion
of the amines or some other impurities were observed in the NMR. For most of the amidation
reactions performed in our study, column chromatography was not required, and a clean NMR
was obtained by only washing the EtOAc layer with H 2O. By NMR, the series 3a – 3n provide
the amide in quantitative yields for all primary and secondary amines tested under the
optimized reaction conditions. The reaction was then tested with a series of aromatic amines
that varied in their electron-donating / electron withdrawing substituents and their N-alkylation.
Yields ranged from 100 (99) % to 15 (0) %, where the number in the parentheses represents
isolated yield and the number outside represents NMR yield. 3o‒3r were not isolated from
unreacted amines as they showed low conversion in the NMR. From these data, several clear
trends were observed. Electron donating groups at the para- position significantly increased
yields (3x and 3w), whereas the presence of a p-chloro electron withdrawing group lowers the
yield (3v) compared to aniline (3t). The reactivity of aromatic amines increases with the
addition an electron donating phenyl group at the R 1 position of the potassium thioacid salt.
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Steric effects had a less substantial impact on yields compared to electronic effects. For
example, adding an ethyl group in the ortho position (3u) of the aniline did not lower yield
relative to the aniline (3t) itself, and even adding an isopropyl group to the amine (3s) did not
lower substantially the yield compared to aniline (3t).
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Figure 3.4 Substrate scope for the amidation reaction using the DPP-(FOH)2
photocatalyst. Isolated yields are reported in parentheses beside NMR conversions. All
reactions were performed a in a PhotoRedOx box (HepatoChem) under white light irradiation
(18 W with reduced light intensity to 14 mW; HepatoChem; 6200 K cold white LED), in open
air, and photoirradiation was stopped after 20 h, except for substrates 3o-3x, where irradiation
time was increased to 22 h. 10 mM of DPP-(FOH)2 in 1 mL of 100 mM phosphate buffer
solutions containing 10 % DMSO and 1 mg mL−1 -chymotrypsin were used for screening the
optimized conditions.

As a demonstration of the broader utility of this method, the ability of this photocatalyst
to acetylate peptides was examined. Acetylated peptides have many promising medicinal
applications as they are protected against enzymatic breakdown by exopeptidases. 60,61
However, there remains a need for peptide N-acetylations under mild and biocompatible
reaction conditions (i.e., room temperature, physiological pH, and aqueous buffer).62 As such,
the acetylation of two different model dipeptides, alanine-alanine (A-A) and glycinemethionine (G-M) with 1a, was explored using DPP-(FOH)2 under the optimized reaction
conditions (Table 3.1, Entry 13). After photoirradiation, catalysts were filtered off and the
crude was lyophilized. Using LC-MS and NMR analysis of the lyophilized material, we found
(Figure 3.4) that these peptides were acetylated with 1a in 79 % and 100 % yields for A-A and
G-M, respectively. These results demonstrate that this catalytic approach can be adopted for
N-terminal acetylation, and, in doing so, hold promise in addressing a major challenge in
bioconjugation.61
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Figure 3.5 Proposed mechanism for the photocatalytic amidation with DPP-(XOH)2
photocatalysts.

The mechanism of the reaction was analyzed to understand the trends in reactions
yields. Liu et al.18 reported single electron transfer (SET) from the electron-rich thioacetate
anion to the excited state Ru2+* produces thioacid radicals upon photoirradiation. A thioacid
radical then forms the key disulfide intermediate, which then reacts with amines via an SN2
step. Analogous to this previously reported amidation mechanism, we propose (Figure 3.5)
.‒

that photoexcited DPP* is reduced to DPP by the electron-rich thioacetate, 1, via SET, which
results in the formation of the thioacid radical, 4. Subsequently, DPP

.̶

returns to the ground

state to complete the catalytic cycle by transferring one electron to dissolved O 2. Thioacid
radical 4 then undergoes a diradical coupling reaction and forms the disulfide intermediate 5.
Amine 2 then reacts with 5 to afford the desired amide and produce the second intermediate 6.
Amines then further react with 6 to produce another molecule of amide via amylolysis.56,63
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Figure 3.6 Cyclic voltammetry (CV) analysis of DPP-(FOH)2, 1a and 1b. (A) CV of DPP(FOH)2 (1.5 mM) oxidation in DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The
half-wave potential of the DPP-(FOH)2 reduction was measured to be ‒1.56 V vs Fc/Fc+. (B)
CV of 1a (1.5 mM) oxidation in DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The
half-wave potential of the DPP-(FOH)2 reduction was measured to be ‒1.15 V vs Fc/Fc+. (C)
CV of 2a (1.5 mM) oxidation in DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The
half-wave potential of the DPP-(FOH)2 reduction was measured to be ‒1.32 V vs Fc/Fc+.

To validate this mechanistic hypothesis, redox potentials of 1a, 1b, and DPP-(FOH)2
were determined by cyclic voltammetry (CV). In the reductive cycle, efficient electron transfer
.̶

.̶

from 1a or 1b to the DPP-(FOH)2 would only occur if the reduction potentials of 1a and 1b

are lower than that of DPP-(FOH)2*. CV for all the compounds was carried out in
dimethylformamide (DMF) with ferrocene (fc) as an internal standard for calibration (EFc+/Fc =
.̶

.̶

0.00 V). Reduction potentials for 1a , 1b , and DPP (ground state) were found to be ̶ 1.15
V, ̶ 1.32 V and ̶ 1.56 vs Fc/Fc+ (Figure 3.6). The reduction potential of DPP-(FOH)2* was
then estimated to be 0.66 V vs Fc/Fc+ or 1.11 V vs SCE (saturated calomel electrode) using the
simplified Rehm-Weller equation.64,65 Similarly, the oxidation potential of DPP-(FOH)2* was
then estimated to be ̶ 3.78 vs Fc/Fc+ or ̶ 3.33 V vs SCE. These excited state redox potentials
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suggest DPP-(FOH)2 has redox properties comparable to the most common organometallic
photocataysts: Ru(bpy)32+ (E*red = 0.77 V, E*ox = ‒0.81 V; vs SCE in MeCN), Ru(bpm)32+
(E*red = 0.99 V, E*ox = ‒0.21 V; vs SCE in MeCN), fac-Ir(ppy)3 (E*red = 0.31 V, E*ox = ‒
1.731 V; vs SCE in MeCN), [Ir(ppy)2(dtbbpy)]+ (E*red = 0.66 V, E*ox = ‒0.96 V; vs SCE in
MeCN).66 For our amidation reaction, as the excited state reduction potential of DPP-(FOH) 2*
.̶

.̶

.̶

is much greater than the reduction potentials of 1a and 1b , electron transfer from 1a and
.̶

1b to DPP-(FOH)2* is favorable, thereby supporting our mechanistic hypothesis. To validate
our mechanism further, intermediate 5b (disulfide of thiobenzoate) was isolated after
photoirradiation of 1b (potassium thiobenzoate) under the optimized reaction conditions
(Table 3.1, reaction 13) in the absence of amine. Addition of one equivalent of 2a to solutions
containing 5b produced 3h after stirring the solution for 10 h in the dark. However, we failed
to isolate the disulfide intermediate 5a after photoirradiation of 1a in the absence of any amine.
This mechanism helps to account for the reaction trends observed in Figure 3.4. We speculate
that the lower yield observed for aromatic amines (3o‒3r) is the result of the poor
nucleophilicity of aromatic amines compared to aliphatic amines and the short relative lifetime
of 4a67 compared to 4b68 occurs because only the latter radical intermediate is stabilized by the
phenyl ring. As 5 is the key intermediate for the amidation, nucleophilic attack on 5 by amines
plays an important role in the amidation. Hence, the low yields that were obtained for 3r and
3v can be explained by the presence of electron withdrawing groups on the aromatic ring, which
are expected to further lower the nucleophilicity of the amine.
The stability and reusability of DPP-(FOH)2 was assessed by repeatedly performing the
amidation reaction between 1a and 2a using the same batch of catalyst and under the optimized
reaction conditions (Table 3.1, reaction 13). Following the initial reaction, DPP-(FOH)2 was
separated from the reaction mixture by filtration, dried under reduced pressure, resuspended in
PBS (100 mM, pH 6.7), and used again to run the same reaction. This process was repeated for
73

five cycles (Figure. 3.7A). Conversions for the amidation were determined from NMR after
extracting the product with EtOAc, and full conversion was observed for each cycle. To
determine the integrity of fiber structures after reusing the catalyst, we performed TEM
imaging on the recovered DPP-(FOH)2 catalyst after the 5th cycle (Figure 3.7B), and found that
fiber structures of DPP-(FOH)2 remained intact.

Figure 3.7 Recyclability test for the catalyst and application in a flow-reactor for
continuous amidation. (A) Reusability of the DPP-(FOH)2 photocatalyst. Amidation of 2a
with 1a to produce 3a has been used as a model reaction for the test of catalyst reusability.
Conversions were measured from the NMR using unreacted 2a as internal standard: 100 %
conversion indicates the absence of peaks corresponding to 2a in the NMR. (B) TEM image of
nanofibers of DPP-(FOH)2 at pH 6.7 after the 5th cycle of use as a catalyst. (C) Design of the
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flow-through photoreactor. (D) Optimization for the flow-through photoreactor. Amidation of
2a to produce 3a has been used as a model reaction for the optimization and DPP-(FOH)2
photocatalyst, which is used as a stationary phase in a column. All reactions were performed
under white light irradiation (18 W 6200 K cold white LED with light intensity of 14 mW) in
open air. Conversions were measured from the NMR using unreacted 2a as an internal
standard.

The heterogenous nature of this reaction was exploited to create flow-through
photoreactor (Figure 3.7C) so the reaction could be run continuously on a single batch of
stationary catalyst. The column of this custom-build reactor (Figure 3.7C) is preloaded with a
stir bar and the stationary phase, a 1 mL solution of 10 mM DPP-(FOH)2 nanofiber suspension.
The outlet of the column, which contains a frit that traps the catalyst within the column, was
connected to a vial that collects the product, which is connected to another syringe pump that
is used to create negative pressure to precisely control the flowrate. Flowrates for the inlet and
outlet syringe pump were adjusted in a way that, at any given time, the volume inside the
column is constant at 1 mL, and, in turn, the concentration of DPP-(FOH) 2 inside the column
remains stable. A solution of 1a and 2a in 100 mM phosphate buffer of pH 6.7 was then
continuously infused into the column under continuous stirring and photoirradiation. The effect
of [1a], [2a], and flowrate on the reaction yields were examined (Figure 3.7D). To accurately
determine yield, the first 0.5 mL of solution collected from each run was discarded to account
for dead volume in the tubing, and the following 1 mL of solution was collected to calculate
yield. The initial flowrate of 1.42 µL‧min‒1, with [1a] and [2a] at 166 mM and 332 mM,
respectively, provided the amide in 40 % yield. Decreasing the flowrate to 0.71 µL‧min ‒1
improved the yield to 68 %. Decreasing [1a] to 100 mM, and [2a] to 200 mM did not improve
the overall yield (67 %). Increasing [1a] to 200 mM, and [2a] to 400 mM did not improve the
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yield either (67 %). These results suggested that the flowrate and, as a consequence, the overall
time that 1a and 2a spend in the presence of the catalyst, is the key factor that determines yield
in this continuous flow photoreactor. Decreasing the flowrate to 0.58 µL‧min ‒1, while keeping
the [1a] at 166 mM and [2a] at 332 mM, improved the yield to 89 %. Full conversion was
obtained by decreasing the flowrate further to 0.42 µL‧min ‒1. Importantly, all of these reactions
involved in the optimization of the flow-reactor were carried out with the same batch of DPP(FOH)2, which again demonstrates the robustness of this supramolecular photocatalyst.

3.4 Conclusions
We report a new photocatalytic system composed of supramolecular nanofibers
incorporating a singlet fission dye for the formation of amide bonds in aqueous buffer with
broad substrate scope. This photocatalyst is reusable, has redox potentials that are appropriate
for organic photocatalysis, is stable, and offers hassle-free catalyst separation. We also show
that these fibers can be incorporated into a flow-reactor for continuous amidation without
discernable catalyst degradation. This environmentally benign catalytic platform addresses
many of the unresolved challenges of amidations – one of the most important reactions in
organic synthesis – including improving atom-economy and avoiding the use of organic
solvents and expensive, unstable, and toxic catalysts. In doing so, the work reported herein
opens new opportunities in terms of continuous production, green chemistry, and
bioconjugation. As a result, we expect substantial interest in these new supramolecular
photocatalysts by the synthetic community and a greater consideration of the potential benefits
of supramolecular chemistry and advanced photophysics in catalyst design.
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Photomechanochemical control over stereoselectivity in
the [2+2] photodimerization of acenaphthylene

4.1 Introduction
Mechanochemistry involves1-3 the use of force/strain/curvature to make or break chemical
bonds, and such methods are attractive because they satisfy all twelve principles of green
chemistry (see Chapter 1).4 In addition to the minimal environmental impact, the benefits of
mechanochemical reactions can include faster reaction kinetics,5 improved stereoselectivities
and yields, or access to stereo- and regioisomers, or other chemical products, 6 that are not
accessible by solvothermal methods. Recognizing the advantages of mechanochemistry and the
growing suite of tools for performing and studying reactions under force, the diversity of
reactions that have been performed mechanochemically is rapidly expanding, and includes the
formation of metal-organic frameworks,7 synthetic polymers,8 and small molecules.1,

9

Amongst the reactions that have been most thoroughly studied under mechanochemical
activation is the thermally allowed [4+2] Diels-Alder3, 10, 11 reaction, and it is now known that
this reaction can be driven forward with force because of its negative volume of activation. 1214

The Diels-Alder reaction is an example of a broader class of reactions, the pericyclic

cycloadditions,15 that also have negative activation volumes, and many of these have been
carried out mechanochemically as well.10, 16, 17 A class of pericyclic reactions which should
also possess negative activation volumes, and thus should be accelerated by the application of
force, are symmetry-allowed [4n] photochemical cycloadditions, which are widely exploited
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in organic synthesis to prepare complex molecular scaffolds.14, 18, 19 The potential benefits of
performing photochemical cycloadditions mechanochemically include improved yields and
stereochemical control, the latter of which is particularly important as a mixture of
stereoisomers are often obtained.20 Despite these potential advantages, [4n] cycloadditions
have not yet been investigated under photomechanochemical conditions – where both
illumination and force are applied to the reactants simultaneously – because of challenges
associated with developing instrumentation that is capable of illuminating the reactants during
compression. To this end, here we implement a new reactor to drive a [2+2] cycloaddition
reaction under compression, and, in doing-so, show that such conditions are highly
stereoselective as a result of a unique photomechanochemical reaction pathway.
The symmetry-allowed [2+2] photochemical cycloadditions of alkenes to form
cyclobutanes,20 are frequently used to form primary and secondary metabolites21,

22

with

attractive antimicrobial,23, 24 antibacterial,24 and analgesic properties,24 and are increasingly
explored as a responsive component of functional materials.25-27 As a consequence, developing
methods for their construction remains a focus of the synthetic community. 23 One challenge
that still remains, however, is controlling the stereoselectivity of these photoreactions because
an undesired mixture of cyclobutane stereoisomers is often produced.20, 28-30 For example, the
dimerization of acenaphthylene is considered a model reaction for understanding how
experimental conditions affect the yields and stereochemical outcomes of [2+2]
photocycloadditions.31-36 In organic solvents, a mixture of syn and anti isomers of the
acenaphthylene dimer is obtained,37 and, generally, the former is the major product.34 Strategies
to alter the reaction outcome so that the primary product is anti include the use of heavy atom
solvents,34 photosensitizers,34 or a combination of a photosensitizer and a molecular cage,38 but
such conditions often require undesirable solvents, use expensive catalysts, or continue to
produce a mixture of isomers. As such, further efforts are needed to understand the drivers of
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stereoselectivity, which could result in design rules that could be deployed to develop simple,
scalable, and widely accessible methods for the stereochemical control of [2+2] photochemical
cycloadditions that minimize the use of organic solvents and complex and expensive reagents.

4.2 Objectives
This Chapter will discuss the effect of H2O and photomechanochemistry on the
stereoselectivity of [2+2] photodimerization of acenaphthylene.

4.3 Results and discussion
Here we study the [2+2] photodimerization of acenaphthylene under four different
conditions, (i) illumination of the solid-state acenaphthylene under ball milling, (ii)
illumination of the solid-state crystal in the absence of ball milling, (iii) illumination in organic
solvents (soluble phase), and (iv) illumination in H2O (insoluble phase). For (i), we find that
primarily the syn dimer is selectively formed, whereas (ii) and (iv) selectively form the anti
dimer. Interestingly, we do not observe any noticeable selectivity for (iii). First-principles
Density Functional Theory (DFT) calculations reveal that the extent of solubility changes the
cycloaddition pathway: for insoluble and solid-state conditions (b and d), the cycloaddition
proceeds via the formation of a covalently bonded excimer, which is geometrically and
energetically closer to the anti transition state, thereby explaining the anti selectivity observed
in (ii) and (iv). Additionally, we reveal that the noncovalently bound syn dimer is more
mechanosusceptible, as it experiences more destabilization upon mechanical compression,
which underpins the formation of syn product under ball milling (a). Therefore, in addition to
providing mild conditions for the selective production of both syn and anti cyclobutanes that
avoid the use of organic solvents, this work lays the foundation for understanding
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photomechanochemical stereoselectivity, which in turn, could lead to environmentally benign
methods for the production of important chemical reagents.

Solid-state [2+2] photocycloaddition of acenaphthylene
We first investigated whether the [2+2] dimerization of acenaphthylene can be driven
photomechanochemically and how these conditions affect reaction yield and stereoselectivity.
To do so, a ball-mill reactor (SPEXSamplePrep, 8000M) was modified (Figure 4.1) with a
blue LED (HepatoChem, DX Series light 30 W, λmax = 450 nm), and the reaction was run in a
glass vial (20 mL) with two methacrylate balls (SPEXSamplePrep, 8006A, 9.5 mm diameter,
350 mg) so that light could reach the reagents during milling. In addition, we found it necessary
to fluorinate the vial39 and add silica gel (SILICYCLE, SilicaFlash® GE60, 70-230 mesh) to
the reaction to prevent the reagents from adhering to the side walls. Acenaphthylene (1.2 g)
and silica gel (1.2 g) were added to the vial under inert Ar atmosphere, unless otherwise noted,
and milled for 20 h at a frequency of 17.7 Hz. Upon completion of the milling, yields and
anti:syn ratios were determined by 1H NMR spectroscopy by dissolving a portion of the crude
mixture in CDCl3 followed by filtration to remove silica from the CDCl3 solution. We found
(Table 4.1, entries 1 – 2) that, photomechanochemically, the dimerization reaction proceeded
with yields up to 96 % with 6:94 anti:syn selectivity. Stereochemical assignments were
confirmed by 1H NMR spectroscopy. This syn selectivity and yield were retained in ambient
atmosphere. In the absence of the illumination, no product was observed. To put this result in
the context, in organic solvents, this reaction favors the syn product but with poor selectivity,
and high syn selectivity has only been obtained using expensive and complex reagents or
undesirable organic solvents.40-43 For example, Kaanumalle et al.44 reported 99 % syn product
(99 % yield) in borate buffer using an organometallic molecular cage, while Cowan et al.34
obtained 98 % syn (39 % yield) selectivity in O2-saturated benzene. Thus, we find that
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photomechanochemical conditions provide the mildest route towards the syn product of the
acenapthylene dimer yet reported.

Figure 4.1 Modified ball-mill for photomechanochemistry.

Table 4.1 Solid-state [2+2] photocycloaddition of acenaphthylene.

All reactions were performed at 20 oC. Acenaphthylene samples were irradiated with a blue
LED (HepatoChem, DX Series light 30 W, λmax = 450 nm) for 20 h. Yields and selectivities
were obtained from 1H NMR in CDCl3. [a] Ball-mill reactions performed in the presence of
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silica as an additive to prevent the reagents from adhering to the side walls of the reaction
vessel. [b] Reactions were performed in a petri dish with ground acenaphthylene crystals and
no milling during illumination.

From these experiments it was unclear whether the syn selectivity was the result of carrying
out the reaction in the solid state or whether force played an active role in dictating
stereoselectivity. To determine whether force has a role in stereoselectivity, the reaction was
carried out on acenaphthylene crystals by illuminating them in the absence of force. The
acenaphthylene crystals (100 mg) were ground with a mortar and pestle, sealed in a petri dish
under either inert or ambient atmosphere, and the crystals were then irradiated with the same
blue LED for 20 h (Table 4.1, entries 3 – 4). Under Ar, we found that the reaction favored the
anti isomer (70:30 anti:syn), while ambient atmosphere provided a mixture with a 46:54
anti:syn ratio. So, in the absence of O2, more anti product forms, but as O2 is introduced, such
selectivity is diminished. This was also observed by Haga et al.,36 who noted that the presence
of a triplet quencher (here O2) reduces the anti-selectivity. These results show that the absence
of force provides substantially different products than when the products were milled during
illumination. Therefore, we find that running the [2+2] photodimerization of acenaphthylene
under Ar while milling results in the opposite stereoselectivity than when the reaction is carried
out without milling. These observations confirm that a unique photomechanochemical reaction
pathway exists for the dimerization of acenaphthylene that is distinct from the pathway
followed during irradiation in the absence of force.
[2+2] photocycloaddition of acenaphthylene in solution-state
We then studied the photodimerization of acenaphthylene in different organic solvents
with variable H2O:organic solvent ratios at the room temperature. Here we have examined the
photodimerization with 5 different organic solvents that are miscible with H 2O – DMSO,
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EtOH, MeOH, DMF, and MeCN – along with H 2O itself, under blue light illumination. As
acenaphthylene is insoluble in H2O, these experiments provide insight into the role of solubility
on the stereoselectivity. To maximize solvent/acenaphthylene interaction (especially for the
solvent mixture where acenaphthylene is poorly soluble), 5 M solution of acenaphthylene was
prepared in DMSO, and 4 µL of this stock solution was then added to 1 mL of the desired
solvent system to prepare 20 mM solutions of acenaphthylene. The solution was then sonicated
for 1 min. The summary of the stereoselectivity observed in these experiments is given in
Figure 4.2. Although, we find that the absolute value of the anti:syn ratio varies depending on
the nature of the organic solvent, we observe the conspicuous trend that the anti selectivity
increases with the amount of H2O, where using just H2O selectively provides the anti product.
Because of the insolubility of the acenaphthylene in H2O, the solution was sonicated to disperse
the reactant, which led to a cloudy, opaque solution. Following irradiation, the anti isomer was
recovered as the major product (84:16 anti:syn) in 84 % yield. In other words, the insolubility
of acenaphthylene favors the anti product. Stereoselectivity was confirmed by 1H NMR
spectroscopy and microcrystal electron diffraction45, 46 on the crystallites isolated from the
reactions (Figure 4.3).This observation is in good agreement with the solid-phase reactions on
the crystal in the absence of milling, which also resulted in anti stereoselectivity (anti:syn
70:30). Thus, we conclude that solubility also plays an important role in determining the
stereoselectivity. For photocycloadditions, it is known that lowering the reaction temperature
can improve regio- and stereoselectivity.47 As such, the reaction temperature was then lowered
to 10 oC, and running the reaction for 16 h in H2O resulted in quantitative conversion, with
anti:syn reaching 91:9. The anti selectivity observed here is similar to those reported by Guo
et al.38 who used a molecular cage composed of a Ru2+ photocatalyst to achieve 89:11 anti:syn.
So a major challenge in stereocontrolled photochemical cycloadditions – obtaining the anti
isomer of acenaphthylene as the major product – was resolved by simply running the reaction
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in H2O, which, in addition to providing an otherwise elusive product, is both atom-efficient
and environmentally benign.

Figure 4.2

Photocycloaddition of acenaphthylene in solution-state (A) [2+2]

Photocycloaddition of acenaphthylene, with the most stereoselective conditions for syn and
anti dimers noted. (B)

1

H NMR (300 MHz, CDCl3) of the products of the [2+2]

photocycloaddition of acenaphthylene in a binary solvent mixture composed of different ratios
of MeCN and H2O. (C) Change in selectivity with changing solvent composition for the [2+2]
photocycloaddition of acenaphthylene in binary solvent mixtures.
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Figure 4.3 MicroED structure of anti dimer of acenaphthylene.

DFT calculations for the [2+2] photocycloaddition of acenaphthylene in solution-state
We collaborated with Professor Rappe from University of Pennsylvania to perform
DFT calculations48 to understand why liquid and solid phase reactions result in different
stereoisomers. These calculations are done and interpreted by Sayan Banerjee from Rappe
group. In doing so, we explored the potential energy surfaces by considering the
photodimerization pathways from three different initial states– syn and anti conformers, which
are noncovalently bound supramolecular dimers, and a state that consists of two separated
monomers (Figure 4.4). On the other hand, the noncovalently bound syn and anti conformers
correspond to the insoluble solid-state acenaphthylene (and state present in H 2O), when the
monomers are close to each other and experience a net stabilizing interaction as compared to
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separated monomers. We find that the thermal activation barrier for the anti product formation
(179 kJ/mol) is lower than the syn product formation (269 kJ/mol) (Figure 4.4). Such high
barriers suggest that the reactions cannot be performed at room temperature without
photoexcitation, which we also observe experimentally. In the soluble-phase scenario, we find
that the excited triplet (T) and singlet (S) states of the separated monomers (yellow dotted lines
in Figure 4.4) are above the syn and anti transition states (TS). Thus, when completely
solvated, photoexcitation injects sufficient energy to access both the anti and syn TS; this in
turn, leads to both syn and anti product formations, explaining the loss of selectivity for this
reaction in organic solvents. In the solid state or in H2O, where the poor solubility keeps the
acenaphthylene aggregated, the molecules exist as noncovalently bound syn and anti
supramolecular conformers. We find that the spin-flipped T states for both the syn and anti
supramolecular conformer lead to the formation (shaded cyan region in Figure 4.4) of a
covalently bonded excimer (excimer in Figure 4.4). Formation of excimers in photochemical
reactions have been reported previously49-51 to have a role in determining the selectivity of the
products. Therefore, as the photoexcitation occurs in the insoluble phase, the supramolecular
dimers form a covalent bond in the excimer, gaining a stabilization of nearly 117 kcal‧mol ‒1
per dimer compared to the vertically excited T state. We find that the geometry of this bonded
excimer resembles more closely to the anti transition state than the syn. Additionally, as the
anti TS has lower energy than the syn TS, energetically it is also easier to access the anti TS
from the bonded excimer. Thus, the formation of the bonded excimer preferentially leads to
the anti product. This explains the selective formation of the anti product in the insoluble phase,
i.e. in H2O and in crystals in the absence of ball milling.
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Figure 4.4 DFT calculations for the [2+2] photocycloaddition of acenaphthylene in
solution-state. Potential energy surface obtained using the geometries at the B3LYP-D3/631G(d) level of theory showing the pathways for syn and anti product formation. The
abbreviations are as follows: T: Triplet; S: Singlet; TS: Transition state. Dotted arrows
represent vertical photoexcitation, and cyan shading illustrates relaxation of the triplet
conformer states to the excimer.

DFT calculations for the [2+2] photocycloaddition of acenaphthylene in solid-state
To understand the origin of syn selectivity that occurs under the photomechanochemical
conditions, we have applied force (F) along the C‒C bond forming vector of the syn and anti
conformations using the external force explicitly induced (EFEI) method. 52,

53

In this

simulation, the intertwined effect of F and photoexcitation is not incorporated, rather only the
effect of compressive F on stability is studied. We envisage that ball milling exerts compression
by bringing the monomers in the syn and the anti supramolecular conformers closer to each
other. Thus, applying forces along the C‒C bonds in the simulation (as shown in Figure 4.5A)
can have an effect similar to what occurs in a ball mill. We find that the syn conformer
undergoes bond formation at lower F (between 8 nN and 9 nN), compared to the anti dimer
(between 12 nN and 13 nN), which is shown by the grey shaded regions in Figure 4.5B. To
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understand why the syn supramolecular conformer is more susceptible to F, we examined the
F range of 5‒8 nN with more datapoints. The reaction coordinate (RC) in Figure 4.5C is
defined based on the C‒C distance, wherein the bond distances at 5 nN and 8.55 nN correspond
to RC of 0 and 1, respectively. We find that the slope of RC vs. F (black dashed lines in Figure
4.5C) is higher for the syn supramolecular conformer. This shows that a more significant
change in RC is attained for syn than anti at the same applied F. In other words, the results
directly confirm that syn supramolecular conformer is more mechanosusceptible, meaning that
its RC has a stronger dependence on F. In addition, the syn supramolecular conformer
experiences more destabilization for the same applied F than the anti (filled markers in Figure
4.5C). To analyze these effects, we implement the energy decomposition analysis (EDA)54 to
understand the origin of the mechanosusceptibility by quantifying the interaction energy
between the acenaphthylene monomers (Figure 4.5D). EDA consists of three terms: frozen
density (EFZ), charge transfer (ECT), and polarization (EPol).54 We find that the EFZ dominates
in the higher F regime, and it increases drastically near 7‒8.55 nN for the syn, but anti does not
exhibit such behavior (Figure 4.5D). As EFZ captures the interaction between the unrelaxed
electron density between the monomers, we conclude that the face-to-face orientation of the πclouds of the syn supramolecular conformer, and the resulting repulsion at smaller distances,
make it more mechanosusceptible, whereas for the anti supramolecular dimer, π-clouds interact
to a lesser extent. Additionally, it is worth noting that the TS for the syn product formation
corresponds solely to compression along the C‒C bonds participating in the [2+2]
cycloaddition (syn TS in Figure 4.4). On the other hand, for the anti product formation, shear
force also plays an important role along with compression as the monomers need to slide to
form the anti product (anti TS in Figure 4.4). We conjecture that as attaining shear and
compression simultaneously is statistically less probable under ball milling than just
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compression, syn selectivity is boosted. Thus, these results explain qualitatively the
stereoselectivity of solid-state photomechanochemical conditions.

Figure 4.5 DFT calculation to identify the effect of force on the dimerization of syn and
anti supramolecular conformers. (A) The directions of the ap-plied forces in simulations
using the external force explicitly included (EFEI) method are shown. (B) The effect of applied
force on C‒C bond formation for syn and anti conformers. The shaded regions indicate where
the syn and/or anti dimers undergo covalent C‒C bond formation from a noncovalent
conformer. (C) The change in reaction coordinate (RC) and energy (E) as a function of the
applied force. The RC is defined based on the C‒C distance, wherein distances at 5 nN and
8.55 nN correspond to RC 0 and 1, respectively. The filled circles/diamonds correspond to the
E values, whereas unfilled markers indicate the change in the RC. (D) Energy decomposition
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analysis showing the effect of force on different inter-action terms between the monomers. The
abbreviations are: FZ: frozen density, CT: charge transfer, Pol: polarization.

4.4 Conclusion
In conclusion, we have studied the [2+2] dimerization of acenaphthylene and explored how
light, force, and solvent can be combined to achieve both syn and anti stereoselective
photodimerization.

We

find

that

syn

stereoselectivity

is

observed

under

photomechanochemical conditions because of the greater mechanosusceptibility of the
noncovalently bound syn supramolecular conformer compared to the anti conformer. In
studying how solvents and solubility affect yields and stereoselectivity, we have shown that
simply running the photodimerization in H2O provides the anti dimer in high yields, and these
conditions provide among the highest anti stereoselectivity yet observed because of the
formation of a bonded excimer in insoluble phases. Thus, we report scalable and mild
conditions for obtaining both syn and anti [2+2] cycloaddition products without necessitating
organic solvent or complex additional reagents. More importantly, we demonstrate that
photomechanochemical pathways exist that are distinct from solvothermal or solid-state
reaction pathways, and we explain stereochemistry based upon mechanosusceptibility, a
concept that may be used to predict stereoselectivity for other mechanochemical reactions as
well. In doing so, have shown that photomechanochemistry and photosolvochemistry can
provide mutually orthogonal stereoselective routes for making complex organic scaffolds.
Therefore, photomechanochemistry merits further investigation as a scalable and
environmentally benign approach to stereoselective photochemistry.
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5.1 Summary
As discussed in Chapter 1, aqueous visible-light photocatalysis is an attractive solution
for green organic synthesis. In Chapter 1, we reviewed recent advances in aqueous
photocatalysis using different supramolecular systems, their advantages, and their
shortcomings. We envisioned that supramolecular polymer, which can itself act as a
photocatalyst, can provide a promising solution to the problems associated with substrate
solubility and versatility of different photocatalytic reactions. We presented in Chapter 2, a
new set of organic photocatalysts that can operate efficiently in H2O, and while doing so, uses
low-energy white light and operates in the open air. To design robust supramolecular
photocatalysts, we choose to functionalize organic chromophore diketopyrrolopyrrole (DPP)
with three different amino acids (Y, F, or L). The monomeric units of these amino acid
functionalized DPP molecules, DPP-(XOH)2 assemble into supramolecular nanofibers upon in
situ enzymatic hydrolysis. In Chapter 2, we have characterized these supramolecular
photocatalysts using different spectroscopic and imaging techniques. We first explored the
ability of these supramolecular photocatalysts to produce 1O2 in H2O that under low-energy
white light irradiation. Finally, these photocatalysts were used for the photooxidation of
thioanisole and cyclohexyl methyl sulfide. We found that under optimized reaction conditions,
these newly developed supramolecular photocatalysts can produce sulfoxide with yields as
high as 100% and without over-oxidation to the sulfone. In this example, we used our
photocatalysts as a photosensitizer to harvest their excited state energy to produce 1O2 which
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was then subsequently used for photooxidation reaction. Next, we wanted to see if we can use
our photocatalysts in a photoredox catalysis.
Amidation, being of the most important reactions in chemistry and the pharmaceutical
industry, we targeted amidation reaction where our photocatalysts could potentially be used in
photoredox cycle. In Chapter 3, we characterized the effect of pH on the supramolecular fibers
and found that at pH 6.7, DPP-(XOH)2 forms thinner fibers compared to pH 8.0. We then
showed that, after systematic optimization of pH, light intensity, and molar concentration,
amidation reactions can be performed under mild reaction conditions with quantitative yields
in H2O using our all three DPP-(XOH)2 photocatalyst. More importantly, this reaction also
demonstrated that our supramolecular fibers can be used in photoredox catalysis. We also
found that, DPP-(XOH)2 performed as a better photocatalyst at pH 6.7 compared to pH 8.0. To
validate our proposed photoredox catalytic cycle, we have performed cyclic voltammetric
experiments to estimate excited state redox potentials and found that the redox potentials are
in good agreement with our proposed mechanism described in Chapter 3. We also found that
our photocatalyst DPP-(FOH)2, can be easily separated from the reaction mixture after the
reaction is complete via simple filtration. This easy catalyst separation process saves time and
solvent waste which is typical for most photocatalytic reactions. To further demonstrate the
transformational nature of these nanofiber photocatalysts, we have incorporated them into a
flow reactor for continuous amidation. Unlike other flow reactors, in our design, the catalyst is
in a stationary state, which means that the reaction can run continuously without reloading the
catalyst. Finally, we have shown the real and practical utility of these hydrogel photocatalysts
by using these catalysts to amidate over 20 amines and two peptides.
In summary, Chapter 2 and Chapter 3 demonstrated the development of new
supramolecular photocatalysts that can be used in H2O as a photosensitizer for an energy
transfer process as well as in a photoredox catalysis. Reusable photocatalysts are rare, and
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developing new heterogeneous photocatalysts or organic reactions has been an area of
significant research in recent years as photocatalytic organic chemistry becomes mainstream.
Our approach combines supramolecular chemistry, emergent photophysics from self-assembly,
and organic photocatalysis which leads to a unique photocatalytic platform to solve one of the
most important and vexing problems in organic synthesis – amidations and sulfoxidations
under mild conditions.
In Chapter 4, we explored the effect of H2O and a simultaneous combination of light
and force on the stereoselectivity of a [2+2] photocycloaddition reaction. In this Chapter, our
focus was to develop new photocatalytic methods to produce stereoselective products for
reactions where photocatalysts are not needed. For this study, we targeted [2+2]
photocycloaddition reactions. The dimerization of acenaphthylene is frequently studied to
understand how different reaction conditions affect the stereoselectivities and yields in [2+2]
photochemical cycloadditions. In organic solvents, where this reaction is typically carried out,
the products are a mixture of syn and anti dimers, and so controlling the stereoselectivity of
this reaction has been a problem for organic chemists. We first studied the effect of H 2O in
controlling the stereoselectivity of this reaction by changing H 2O content in a binary solvent
mixture. Surprisingly, we found that running the reaction in H 2O alone can produce anti
product quantitatively and with among the highest anti stereoselectivity yet observed. We then
explored the effect of force on the stereoselectivity of this reaction. As force alone was not
enough to drive this reaction, we modified a ball-mill reaction as described in Chapter 4 for
performing photomechanochemistry – a combination of mechanical force with simultaneous
photoirradiation. We found that under these conditions, syn stereoselectivity can be obtained,
even though the anti product can be obtained when acenaphthylene crystals are irradiated in
the absence of force. Therefore, we show that force can alter stereoselectivity. In summary, in
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this Chapter, we demonstrated environmentally benign methods for producing both anti and
syn selective [2+2] photocycloaddition products with quantitative yields.

5.2 Future work
As described in Chapter 2 and Chapter 3, DPP-(XOH)2 are a unique set of
photocatalysts that are versatile in terms of reactivity, reusable, can be separated easily from
the reaction mixture, can be activated with low-energy white light, operates in H 2O at room
temperature in the open air. So, the possibilities of using these catalysts in various different
kinds of photocatalytic organic reactions are endless. Many organic reactions that have been
explored before in visible light photocatalysis 1 using commercially available photocatalysts,
such as Csp3-Csp3 bond formation reactions, 2, 3 Csp3-Csp2 bond formation reactions,4-6 Csp2Csp2 bond formation reactions,7,

8

carbon hetero atom bond formation reactions,9,

decarboxylative coupling reactions,11,

12

10

and cycloaddition reactions13 can possibly be

performed using our photocatalytic systems in H2O. Since we have approximately calculated
excited state redox potentials of these catalysts, reagents can be chosen accordingly. Among
many other reactions, we have selected an aqueous disulfide bond formation reaction to be the
next using these catalysts as disulfide bond forming reactions under physiological conditions
is an important reaction class.14-16 Disulfide bonds are present in nearly one-third of the proteins
in the eukaryotic proteome,15 and play a big role in maintaining structural integrity of proteins
and peptides.15, 16 They have distinct applications in bioconjugation and medicinal chemistry.14
We are currently optimizing this reaction conditions. Our preliminary results suggest that our
photocatalysts can be used for disulfide bond forming reactions as well. This work is in
progress.
Chapter 4 discusses our findings on how running photochemical reactions simply in
water can influence the selectivity of a [2+2] cycloaddition reaction. In this Chapter, we have
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also introduced the concept and tool for performing photomechanochemistry. We discovered
that under photomechanochemical conditions, [2+2] cycloaddition reaction of acenaphthylene
follows an entirely different pathway that does not exist in the absence of force. Thus, one
future direction would be to use these conditions for other photochemical organic reactions and
to find out how H2O or photomechanochemical conditions influence reaction rate and
selectivity.
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S1: Visible-light photooxidation in water by 1O2generating supramolecular hydrogels

S1.1 Organic Synthesis and Characterization
All reagents and starting materials were purchased from Aldrich or VWR and used without
further purification unless otherwise noted. Thin-layer chromatography was carried out using
aluminum sheets precoated with silica gel 60 (EMD 40 - 60 mm, 230 - 400 mesh with 254 nm
dye). Silica gel (BDH 60Å) was used for flash column chromatography. All solvents were dried
prior to use, and all reactions were carried out under Ar atmosphere using standard Schlenk
techniques. Deuterated solvents were purchased from Cambridge Isotope Laboratories Inc. and
used as received. NMR spectra were obtained on a Bruker 300 MHz spectrometer. All chemical
shifts were reported in ppm units (δ) using residual solvent as the internal reference.
Electrospray ionization mass spectra were acquired on an Agilent LC/MSD Trap XCT system.
High-resolution Mass spectra analyses were carried out on an Agilent 6200 LC/MSD TOF
system.
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Figure S 1:1 Synthesis of DPP-(XOMe)2 (1X, X = Y, F, L)
Synthesis of 5: 5 was synthesized following a previously reported literature procedure and its
characterization data were in good agreement with the reported data.1

Synthesis of 6: To a solution of 3 (1.0 g, 3.3 mmol) in dry DMF (15 mL), tert-butyl
bromoacetate (1.5 mL, 9.9 mmol) and K2CO3 was added (1.9 g, 14 mmol) and the mixture was
heated at 130 0C for 24 h under positive Ar pressure. After 24 h TLC (1:1 EtOAc/n-hexane)
indicated the absence of starting material. The reaction was cooled to ambient temperature.
DMF was removed in vacuo at 80 oC and the remaining oil was redissolved in CH2Cl2 (100
mL). The solution was washed in a separatory funnel with H2O (100 mL). The organic layer
was collected and the aqueous phase was washed one more time with 100 mL CH2Cl2. All
organic layers were combined, dried with MgSO4, and solvent was removed under reduced
pressure. The product was then purified by column chromatography (SiO2 1:99
EtOAc:CH2Cl2) to provide a red solid (0.82 g, 47%). NMR data matched with the reported
compound 1 that was prepared following a different route.
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Synthesis of 7: 7 was synthesized following a previously reported literature procedure its
characterization data were in good agreement with the reported data.1

Synthesis of DPP-(YOMe)2: 7 (1.0 g, 2.4 mmol), L-tyrosine methyl ester (1.3 g, 6.0 mmol),
and HBTU (2.2 g, 5.8 mmol) were dissolved in dry DMF (29 mL) and stirred for 5 min under
Ar. 2 mL DIPEA was then added to the reaction mixture and it was stirred under Ar for 22 h.
DMF was removed under reduced pressure at 80 oC. 100 mL CH2Cl2 was then added to the
reaction mixture and transferred into 400 mL H2O. The resulting red solid was filtered, the solid
was then stirred in 300 mL NaHCO3 followed by 300 mL 1N HCl and finally with 300 mL
water for 20 min each. Finally the solid was dried for 8h under high vacuo providing a red solid
(1.5 g, 81%). 1H NMR (300 MHz, DMSO-d6, 25 °C) δ 9.33 (s, 2H), 8.85 (d, J = 7.9 Hz, 2H),
8.53 (d, J = 3.9 Hz, 2H), 7.96 (d, J = 5.0 Hz, 2H), 7.40 – 7.28 (m, 2H), 7.04 (d, J = 8.3 Hz,
4H), 6.70 (d, J = 8.2 Hz, 4H), 4.65 (dd, J = 56.6, 18.1 Hz, 4H), 4.46 (dd, J = 13.7, 8.9 Hz, 2H),
3.62 (s, 3H), 3.04 – 2.91 (m, 2H), 2.83-2.75 (m, 2H). 13C NMR (75 MHz, DMSO-d6, 25 °C) δ
172.30, 167.17, 160.71, 156.48, 140.23, 134.29, 132.99, 130.64, 130.01, 128.94, 127.53,
115.62, 106.63, 54.41, 52.41, 44.43, 36.56.

HRMS m/z calculated for C38H34N4O10S2

[(M+H)+] 771.1789, found 771.1785.
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Figure S 1:2 1H NMR of DPP-(YOMe)2 (300 MHz, 25 oC) in DMSO-d6.

Figure S 1:3 13C NMR of DPP-(YOMe)2 (300 MHz, 25 oC) in DMSO-d6.
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Figure S 1:4 ESI HRMS spectrum of DPP-(YOMe)2.

Synthesis of DPP-(FOMe)2: 4 (0.10 g, 2.4 mmol), L-phenylalanine methyl ester (1.3 g, 6.0
mmol) and HBTU (0.22 g, 5.8 mmol) were dissolved in dry DMF (3 mL) and stirred for 5 min
under Ar. 0.2 mL DIPEA was then added to the reaction mixture and it was stirred under Ar
for 22 h. DMF was then evaporated under reduced pressure at 80 oC. 5 mL CH2Cl2 was then
added to transfer the reaction mixture into 200 mL Et2O, and the solid was filtered and washed
with 50 mL H2O. This solid was again dissolved in 5 mL CH2Cl2 and precipitated again into
Et2O. This red solid was then washed with washed with 50 mL water for 20 min. Finally the
solid was dried 8 h under high vacuum providing a red solid (0.18 g, 84%). 1H NMR (300
MHz, CDCl3, 25 °C) δ 8.60 (d, J = 3.2 Hz, 2H), 7.70 (d, J = 4.9 Hz, 2H), 7.32-7.30 (m, 2H),
7.19-7.09 (m, 10H), 6.59 (d, J = 7.4 Hz, 2H), 4.91 (dd, J = 13.8, 5.9 Hz, 2H), 4.73 (d, J = 3.0
Hz, 4H), 3.71 (s, 6H), 3.20-3.05 (m, 4H). 13C NMR (75 MHz, CDCl3, 25 °C) δ 171.39, 166.98,
161.26, 140.11, 135.39, 134.80, 131.92, 129.32, 129.15, 128.92, 128.59, 127.15, 107.36, 53.21,
52.44, 45.89, 37.75. HRMS m/z calculated for C38H34N4O8S2 [(M+H)+] 739.1891, found
739.1885.
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Figure S 1:5 1H NMR of DPP-(FOMe)2 (300 MHz, 25 oC) in CDCl3.

Figure S 1:6 13C NMR of DPP-(FOMe)2 (300 MHz, 25 oC) in CDCl3.
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Figure S 1:7 ESI HRMS spectra of DPP-(FOMe)2.

DPP-(LOMe)2: 4 (0.10 g, 2.4 mmol), L-leucine (1.3 g, 6.0 mmol) and HBTU (0.22 g, 5.8
mmol) were dissolved in dry DMF (3 mL) and stirred for 5 min under Ar. 0.2 mL DIPEA was
then added to the reaction mixture and stirred under Ar for 22 h. DMF was then evaporated
under reduced pressure at 80 oC. 5 mL CH2Cl2 was then added to reaction mixture, and the
solution was transferred into 200 mL Et2O. The red solid was then filtered and washed with 50
mL water. This solid was again dissolved in 5 mL CH2Cl2 and precipitated one more time in
Et2O. Finally, the red crystals were dried 8h under high vacuum (0.13 g, 81%). 1H NMR (300
MHz, CDCl3, 25 °C) δ 8.65 (dd, J = 3.9, 1.1 Hz, 2H), 7.69 (dd, J = 5.0, 1.1 Hz, 2H), 7.32 –
7.29 (m, 2H), 6.52 (d, J = 8.2 Hz, 2H), 4.78 (d, J = 1.9 Hz, 4H), 4.74 – 4.63 (m, 2H), 3.71 (s,
6H), 1.71 – 1.52 (m, 6H), 0.91 (d, J = 5.3 Hz, 12H). 13C NMR (75 MHz, DMSO) δ 173.10,
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167.34, 160.87, 140.21, 134.17, 133.13, 129.97, 129.01, 106.95, 52.39, 50.84, 44.49, 24.65,
23.27, 21.58. HRMS m/z calculated for C32H38N4O8S2 [(M+H)+] 671.2204, found 671.2205.

Figure S 1:8 1H NMR of DPP-(LOMe)2 (1L) (300 MHz, 25 oC) in CDCl3.

Figure S 1:9 13C NMR of DPP-(LOMe)2 (300 MHz, 25 oC) in DMSO-d6.
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Figure S 1:10 ESI HRMS spectrum of DPP-(LOMe)2.

S1.2 Gel Preparation
For the preparation of all gels studied herein, we used the following procedure. A stock solution
of DPP-(XOMe)2 was prepared in DMSO (200 mM). The desired concentrations of all samples
were obtained by diluting this solution with 100 mM phosphate buffer (pH 8) and 1 mg ml–1 of
α-chymotrypsin. The vial containing enzyme in phosphate buffer was sonicated while the
required amount of DMSO stock solution of DPP-(XOMe)2 was added into the sample and
sonicated for 30 s after addition. After 1 h this reaction mixture was then vortexed and sonicated
for 30 s to obtain the gel. In the case of DPP-(FOMe)2, the solid was directly weighed in a vial
with different amounts depending upon the desired final concentrations and then DMSO was
added. This solution was then heated to dissolve DPP-(FOMe)2 completely and phosphate
buffer was added to this hot solution to dilute DMSO to 10%. Enzyme solution was then added
into this mixture after the mixture cooled to rt, and sonicated and vortexed for 60 s. After 1 h
this reaction mixture was then again vortexed and sonicated for 30 s to obtain the gel.
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S1.3 Atomic Force Microscopy
Samples were prepared by drop casting 5 µl of DPP-(YOH)2 (10 mM in 100 mM phosphate
buffer) onto freshly cleaved mica surfaces (G250–2 Mica sheets 1″ × 1 ″ × 0.006″ Agar
Scientific Ltd) followed by blotting with filter paper. Then the surface was washed with 5 µl
of deionized H2O and blotted again to remove excess buffer salt. The surface was completely
dried on bench top for 2 days before taking images. The images were obtained by scanning the
mica surface under ambient conditions using a FastScan Microscope (Bruker) operated in
ScanAsyst noncontact mode. The AFM scans were taken at a resolution of 512 × 512 pixels.
The images were analyzed using NanoScope Analysis software Version 1.40.

Figure S 1:11 AFM height images of DPP-(YOMe)2
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Figure S 1:12 AFM height images of DPP-(YOH)2

S1.4 Transmission Electron Microscopy
All samples were prepared by drop casting 5 μL of DPP-(XOH)2 (10 mM in 100 mM
phosphate buffer) onto continuous carbon grids [Electron Microscope Sciences CF400CU]. The solutions were allowed to sit on the grids for 30 s and then wicked dry from the
grid edge using filter paper [Whatman Cat No. 1001-070]. Negative stain (5 μl of 1% aqueous
methylamine vanadate (NanoVan; Nanoprobes)) was then applied and blotted again with filter
paper [Whatman Cat No. 1001-070] to remove the excess. Stained samples were imaged using
a 200 KeV FEI Titan Themis 200 transmission electron microscope equipped with an FEI Ceta
4k by 4k camera. The images were analyzed using ImageJ software.
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Figure S 1:13 TEM images of DPP-(YOMe)2

Figure S 1:14 TEM images of DPP-(YOH)2

Figure S 1:15 TEM images of DPP-(LOH)2
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Figure S 1:16 TEM images of DPP-(FOH)2

S1.5 HPLC Analysis of the Hydrolysis of DPP-(XOMe)2.
A Dionex P780 HPLC system equipped with a Macherey Nagel C18 column (250 mm length,
4.6 mm internal diameter and 3 µm particle size) was used to quantify the kinetics of enzymecatalyzed conversions of DPP-(XOMe)2 to DPP-(ROH)2. For the HPLC sample, 10 µl of the
reaction mixtures at different time points were diluted to 0.5 ml of with MeCN:H2O (50:50).
The eluting solvent system (all solvent contained 0.1% trifluoroacetic acid; flow rate
1 ml min−1) had a linear gradient of 10% (v/v) MeCN in H2O for 2 min, which gradually
increased to 70% (v/v) MeCN in H2O at 10 min and was kept constant until 12 min.
Chromatograms were monitored at 520 nm and the relative areas under the peaks were used to
identify the percentage product conversion. All chromatograms were normalized with respect
to the total area to allow for direct comparison.
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Figure S 1:17 HPLC data for the conversion of DPP-(YOMe)2 to DPP-(YOH)2.
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Figure S 1:18 HPLC data for the conversion of DPP-(LOMe)2 to DPP-(LOH)2.

Figure S 1:19 HPLC data for the conversion of DPP-(FOMe)2 to DPP-(FOH)2.

S1.6 Circular dichroism of DPP-(XOH)2
30 µl of reaction mixtures for the conversion of DPP-(XOMe)2 to DPP-(XOH)2 (10 mM in
100 mM phosphate buffer with 1 mg mL-1 -chymotrypsin) at different time points were
pipetted into a 0.1 mm demountable Hellma Analytics Art. No. 106-0.10-40 quartz cuvette,
and the spectra were measured on a JASCO J-1500 spectrometer. The temperature was
maintained at 20 °C for all the measurements.
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Figure S 1:20 Tracking of enzymatic hydrolysis of DPP-(YOMe)2 by CD. A) Formation
for homochiral superstructure during in situ enzymatic hydrolysis of DPP-(YOMe)2
onitored by CD. B) Tracking of CD signal at 572 nm and 504 nm.

Figure S 1:21 CD spectra of DPP-(YOH)2, DPP-(LOH)2 and DPP-(FOH)2 at 10 mM.
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S1.7 UV-VIS spectroscopy
30 µl of reaction mixtures for the conversion of DPP-(XOMe)2 to DPP-(XOH)2 (10 mM in 100
mM phosphate buffer with 1 mg mL-1 -chymotrypsin) at different time points were pipetted
into a 0.1 mm demountable quartz cuvette and spectra were measured on a Jasco V-660
spectrophotometer at a scanning speed of 200 nm min-1. Measurements were collected between
250-900 nm.

Figure S 1:22 Characterization of the enzymatic hydrolysis DPP-(XOMe)2 by UV-Vis.
A) UV-Vis monitoring of enzymatic hydrolysis of DPP-(YOMe)2 at 10 mM in phosphate
buffer. B) Absorbance monitoring at different wavelengths during the hydrolysis of DPP(YOMe)2 at 10 mM in phosphate buffer. C) Change in the ratio of A/B during the hydrolysis
of DPP-(YOMe)2 at 10 mM in phosphate buffer. D) UV-Vis spectra of DPP-(YOH)2, DPP(LOH)2 and DPP-(FOH)2 at 10 mM in phosphate buffer.
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S1.8 Fluorescence spectroscopy
30 µl of reaction mixtures for the conversion of DPP-(XOMe)2 to DPP-(ROH)2 (10 mM in 100
mM phosphate buffer with 1 mg mL-1 -chymotrypsin) at different time points were pipetted
into a 0.1 mm demountable quartz cuvette and spectra were measured on a Jasco FP-8500
spectrofluorometer at a scanning speed of 200 nm min-1. DPP samples were excited at 450 nm
and were recorded between 460-800 nm using a bandwidth of 5 nm with a medium response
and 1 nm data pitch.

Figure S 1:23 Characterization of the enzymatic hydrolysis DPP-(XOMe)2 by
Fluorescence. A) Monitoring of the enzymatic hydrolysis of DPP-(YOMe)2 by Fluorescence.
B) Fluorescence changes at different wavelengths of DPP-(YOMe)2 during hydrolysis (Conc.
10 mM in phosphate buffer, ex= 450 nm).
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Figure S 1:24 Fluorescence spectra of DPP-(XOH)2 at 10 mM in phosphate buffer (ex=
450 nm).

S1.9 Quantification of singlet oxygen generation
1

O2 quantum yields were calculated following a previously reported approach.2, 3 In brief air

saturated DMSO was obtained by bubbling air into the solution for 15 min. To maintain the
initial absorbance of DPBF and DPP-(XOH)2 to about 0.1, a solution of 10-5 M of each were
prepared and mixed in 1:1 ratio to minimize the possibility of 1O2 quenching by the dyes. These
solutions were then saturated with air for 5 min. The photooxidation of DPBF was monitored
for 10 min. These mixtures were then excited (at different wavelengths depending on the

ex

of each photocatalysts) for 2 min in a fluorimeter (Shimadzu, RF-5301pc) and absorbance were
taken (Shimadzu, UV-1800) immediately after excitation. This process was then repeated 5
more times. The decrease in absorbance at 418 nm due to photooxidation of DPBF by 1O2 was
then compared with MB to calculate 1O2 yield. The spectra are shown in Figure S22. The
quantum yields (ΦΔDPP) of 1O2 generation were calculated by a relative method using the ΦΔMB
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of the photosensitizer to methylene blue (MB) (ΦΔ, MB = 0.52) as the reference. ΦΔ were
calculated according to the following equation:

𝑚𝐷𝑃𝑃𝐹𝑀𝐵

ΦΔDPP = ΦΔMB 𝑚𝑀𝐵𝐹𝐷𝑃𝑃

The superscript ‘DPP’ designates DPP derivatives, m is the slope of the plot DPBF (at 418 nm)
vs. irradiation time, and F is the absorption correction factor, which is given by F = 1-10-OD
(OD at the irradiation wavelength).

Figure S 1:25 Quantification of singlet oxygen generation. A) Changes in the absorption
spectrum of DPBF upon irradiation (ex= 535 nm) in the presence of DPP-(YOH)2 (recorded
at 2 min intervals). B) Changes in the absorption spectrum of DPBF upon irradiation (ex= 535
nm) in the presence of DPP-(FOH)2 (recorded at 2 min intervals). C) Changes in the absorption
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spectrum of DPBF upon irradiation (ex= 534 nm) in the presence of DPP-(LOH)2 (recorded
at 2 min intervals). D) Plot of the absorbance of DPBF at 418 nm vs irradiation time in the
presence of DPP-(XOH)2 against methylene blue as the standard.

S1.10 Rheometry
Rheological properties were measured with an Anton Paar MCR 302 rheometer with
temperature controlled at 25 ºC using a sand blasted geometry. The samples were prepared
using a mold and 4 day-old samples were transferred onto the stage before measurements. First
amplitude sweeps were performed at a constant frequency of 1 Hz from sheer strain 0.01-1%
to ensure the measurements to be taken in viscoelastic regime. The frequency sweep was done
to measure G’ and G” at constant strain (0.4%) in the frequency range of 0.1-100 Hz.

Figure S 1:26 Storage (G’) and loss moduli (G”) of hydrogel DPP-(YOH)2 in amplitude
sweep (A) and frequency sweep (B) at 10 mM.
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Figure S 1:27 Storage (G’) and loss moduli (G”) of hydrogel DPP-(FOH)2 in amplitude
sweep (A) and frequency sweep (B) at 10 mM.

S1.11 Characterization of the products of photooxidation
Thioanisole and cyclohexyl methyl sulfide were added to a solution of all catalysts (1.0 mL
phosphate buffer of desired concentrations) maintaining 0.4 mM of the final concentration in
the hydrogels, right after enzymatic hydrolysis of corresponding DPP-(XOMe)2 without further
purification, and stirred under positive pressure of air for 48 h. A white halogen light (150 W
Fiber Optic Dual Gooseneck Microscope Illuminator), connected with optical fiber was used
for photooxidation of thioanisole at rt. After 24 h, TLC (1:1 ethyl acetate/n-hexane) indicated
the absence of starting material.
The crude reaction mixture for the sulfoxidation of thioanisole was washed in separatory funnel
with H2O (100 mL). The organic layer was collected and the aqueous phase was washed one
more time with 100 mL CH2Cl2. The organic layer was collected and the aqueous phase was
washed one more time with 100 mL of CH2Cl2. All organic layers were combined, dried with
MgSO4 and solvent was removed under reduced pressure. The product was then purified by
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column chromatography (SiO2 1:99 EtOAc:CH2Cl2) to provide a colorless liquid. NMR
matched with the reported compound4 that was prepared following a different route.

Figure S 1:28 1H NMR of methyl phenyl sulfoxide (300 MHz, 25 oC) in CDCl3.

In case of the sulfoxidation of cyclohexyl methyl sulfide, the product was directly extracted
with 1.5 mL of CDCl3. Organic layer was then dried using MgSO4 before recording NMR.
NMR matched with the reported compound5 that was prepared following a different route.

Figure S 1:29 1H NMR of (Methylsulfinyl)cyclohexane (300 MHz, 25 oC) in CDCl3.
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Yield from the photooxidation of thioanisole and cyclohexyl methyl sulfide were calculated
from HPLC, performed using a Daicel Chemical Industries, LTD 800 6-Chiral OD column.
For the HPLC sample, 10 µl of the reaction mixture (with catalysts) were diluted to 0.5 ml of
with MeCN. Vials with reaction mixtures were sonicated and vortexed for 3 min first before
sampling. The eluting solvent system had a linear gradient of 3% (v/v) MeOH in H2O (with
0.1% IPA) for 18 min. Chromatograms were monitored at 245 nm and the relative areas under
the peaks were used to identify the percentage product conversion.

Figure S 1:30 HPLC data for the photocatalytic sulfoxidation of thioanisole.
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Figure S 1:31 HPLC data for the photocatalytic sulfoxidation of cyclohexyl methyl
sulfide.
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S2: Aqueous amidation with metal-free, reusable
supramolecular photocayalysts

Organic Synthesis and Characterization
All reagents and starting materials were purchased from Aldrich or VWR and used without
further purification unless otherwise noted. Thin-layer chromatography was carried out using
aluminum sheets precoated with silica gel 60 (EMD 40 - 60 mm, 230 - 400 mesh with 254 nm
dye). Silica gel (BDH 60Å) was used for flash column chromatography. Deuterated solvents
were purchased from Cambridge Isotope Laboratories Inc. and used as received. NMR spectra
were obtained on a Bruker 300 MHz spectrometer. All chemical shifts were reported in ppm
units (δ) using the residual solvent as an internal reference. Electrospray ionization mass
spectra were acquired on an Agilent LC/MSD Trap XCT system. High-resolution Mass spectra
analyses were carried out on an Agilent 6200 LC/MSD TOF system. DPP-(FOMe)2, DPP(YOMe)2 and DPP-(LOMe)2 were synthesized following procedures mentioned in the previous
chapter,1 recovered as pure solids, and their characterization data were in good agreement with
the reported data.

Gel Preparation
DPP-(XOMe)2 were weighed in a vial to the different quantities necessary to obtain a
concentration of 10 mM in 1 mL 100 mM phosphate buffered saline (PBS). 100 µL of DMSO
was added to the vial, and the mixture was sonicated to dissolve the solid. To accommodate
the lower solubility of the DPP-(FOMe)2, that solution was heated to dissolve DPP-(FOMe)2
completely. After dissolving all DPP-(XOMe)2 in DMSO, 800 µL of 100 mM PBS at the
desired pH (pH 6.7 or pH 8.0) were added to the vials and sonicated for 30 s after addition. To
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these solutions, 100 µL solutions of α-chymotrypsin (Sigma-Aldrich, C4129) in 100 mM PBS
at the desired pH (pH 6.7 or pH 8.0) were added to achieve a final enzyme concentration in the
solution of 1 mg‧mL–1. The solutions were then vortexed for 30 s. After 3 h these reaction
mixtures were then again vortexed and sonicated for 30 s to obtain a hydrogel.

Transmission Electron Microscopy
All samples were prepared by drop casting 5 µL of DPP-(XOH)2 (10 mM in 100 mM PBS,
prepared following the protocol mentioned above) onto continuous carbon grids [Electron
Microscope Sciences CF400-CU]. The solutions were allowed to sit on the grids for 30 s and
then wicked dry from the grid edge using filter paper [Whatman Cat No. 1001-070]. Negative
stain (5 µl of 1% aqueous methylamine vanadate (NanoVan; Nanoprobes)) was then applied
and blotted again with filter paper [Whatman Cat No. 1001-070] to remove the excess liquid.
Stained samples were imaged using a 200 KeV FEI Titan Themis 200 transmission electron
microscope equipped with an FEI Ceta 4k by 4k camera. The images were analyzed using
ImageJ software.
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Figure S 2:1 EM images of DPP-(FOH)2 at pH 8.0.

Figure S 2:2. TEM images of DPP-(LOH)2 at pH 8.0.
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Figure S 2:3 TEM images of DPP-(YOH)2 at pH 8.0.

Figure S 2:4 TEM images of DPP-(FOH)2 at pH 6.7.

Figure S 2:5 TEM images of DPP-(LOH)2 at pH 6.7.
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Figure S 2:6 TEM images of DPP-(YOH)2 at pH 6.7.

Figure S 2:7 TEM images of DPP-(FOH)2 at pH 6.7 after 5th cycle of use as a catalyst.

UV-VIS spectroscopy
30 µl of DPP-(XOH)2 at pH 6.7 & pH 8.0 (10 mM in 100 mM phosphate buffer with 1 mg‧mL–
1

-chymotrypsin) were pipetted into 0.1 mm demountable quartz cuvettes, and spectra were

measured on a Jasco V-660 spectrophotometer at a scanning speed of 200 nm‧min‒1.
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Figure S 2:8 UV-Vis of DPP-(XOH)2 at pH 6.7 and pH 8.0.

Fluorescence spectroscopy
30 µl of DPP-(XOH)2 at pH 6.7 and pH 8.0 (10 mM in 100 mM PBS with 1 mg‧mL–1

-

chymotrypsin) were pipetted into a 0.1 mm demountable quartz cuvette and spectra were
measured on a Jasco FP-8500 spectrofluorometer at a scanning speed of 200 nm‧min‒1. DPP
samples were excited at 450 nm and were recorded between 460-800 nm using a bandwidth of
5 nm with a medium response and 1 nm data pitch.

Figure S 2:9 Fluorescence of DPP-(XOH)2 at pH 6.7 and pH 8.0.

Cyclic Voltammetry
Cyclic voltammograms (CV) were taken with a Gamry Instruments potentiostat (INTERFACE
1010 E), using a polished glassy carbon working electrode, a Pt wire counter electrode, and a
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Ag/AgCl reference electrode. N,N-Dimethylformamide (MS grade DMF) was used as the
solvent with 0.1 M tetrabutylammonium hexafluorophosphate (Bu4NPF6, recrystallized 3x
from EtOH), as the supporting electrolyte, and Ferrocene (Fc) as internal standard for
calibration (EFc+/Fc = 0.00 V, Fc: ferrocene), to which oxidation and reduction potentials are
given relative to. Before each measurement, the samples were purged with DMF-saturated Ar.

Figure S 2:10 Cyclic voltametric experiments. (A) CV of DPP (FOH)2 (1.5 mM) oxidation
in DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The half-wave potential of the DPP(FOH)2 reduction was measured to be ‒1.56 V vs Fc/Fc+. (B) CV of 1a (1.5 mM) oxidation in
DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The half-wave potential of the DPP(FOH)2 reduction was measured to be ‒1.15 V vs Fc/Fc+. (C) CV of 2a (1.5 mM) oxidation in
DMF with 0.1 M Bu4NPF6 as the supporting electrolyte. The half-wave potential of the DPP(FOH)2 reduction was measured to be ‒1.32 V vs Fc/Fc+.

Excited state redox potential calculations:
Key parameters for a photoredox catalyst are the excited-state oxidation and reduction
potentials (E*ox and E*red), which determine the catalytic feasibility of a photoredox reaction.
E*ox and E*red can be estimated from ground-state redox potentials and the energy gap between
the ground and excited states (E00) through the simplified Rehm−Weller equation2:
S44

E*ox = Eox ̶ E00

Eq. 1

E*red = Ered + E00

Eq. 2

3
𝐴𝑏𝑠
For DPP-(FOH)2, Ered was ̶ 1.56 V vs Fc/Fc+, and E00 was 2.22 eV (mean of 𝜆𝑚𝑎𝑥
and 𝜆𝐸𝑚
𝑚𝑎𝑥 ).

Hence, plugging these values in Eq. 1, E*ox for DPP-(FOH)2 was ̶ 3.78 vs Fc/Fc+. Similarly,
plugging these values in Eq. 2, E*red for DPP-(FOH)2 was 0.66 vs Fc/Fc+.

General procedure for Catalytic Amidation Reactions
All photocatalytic amidation reactions were performed with 10 mM of DPP-(XOH)2 in 1 mL
of 100 mM PBS containing 10% DMSO and 1 mg‧mL–1

-chymotrypsin. Reaction mixtures

were irradiated with white light (18 W, 6200 K cold white LED; EvoluChem LED 6200PF) at
room temperature for 20 h under continuous stirring in a PhotoRedOx box (HepatoChem;
HCK1006-01-025), unless otherwise noted. The crude was extracted using EtOAc, and washed
with deionized H2O. Finally, the crude was dried with Na2SO4 followed by under high vacuum
and relative conversion was monitored by 1H NMR using unreacted amines as internal
standard. Method used for calculating percentage conversion have been shown with the NMRs
where it is necessary. When full conversion was observed from the NMR without other
impurities, we weighed the compound in order to report isolated yields. For the reactions where
we observed incomplete conversion or a mixture of products, flash column chromatography
was performed (SiO2, 30:70 EtOAc:Hex) to purify the compound and isolated yields are
reported from the purified amides.
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NMR Data

3a; N-phenethylacetamide: 1H NMR (300 MHz, CDCl3) δ 7.29 (m, J = 15.8, 8.3, 6.7 Hz, 5H),
5.46 (s, 1H), 3.54 (dd, J = 12.9, 6.9 Hz, 2H), 2.84 (t, J = 6.9 Hz, 2H), 1.96 (s, 3H). This data
matches previously reported data.4

Figure S 2:11 1H NMR for 3a (N-phenethylacetamide).
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3b; N-methyl-N-phenethylacetamide: 1H NMR (300 MHz, CDCl3) δ 7.38 – 7.15 (m, 5H),
3.64 – 3.57 (m, 1H), 3.53 (t, J = 7.2 Hz, 1H), 2.96 (s, 2H), 2.89 (s, 2H), 2.88 – 2.77 (m, 2H),
2.08 (s, 1H), 1.87 (s, 1H). This data matches previously reported data.5

Figure S 2:12 NMR for 3b (N-methyl-N-phenethylacetamide).
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3c; N-benzylacetamide: 1H NMR (300 MHz, CDCl3) δ 7.41 – 7.29 (m, 1H), 5.78 (s, 1H), 4.46
(d, J = 5.7 Hz, 1H), 2.05 (s, 1H). This data matches previously reported data.6

Figure S 2:13 1H NMR for 3c (N-benzylacetamide).

S48

3d; N-methyl-N-phenethylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.75 – 6.74 (m, 10H),
3.91 – 3.42 (m, 2H), 3.06-3.20 (m, J = 27.2, 20.8 Hz, 2H), 2.84 (s, 3H). This data matches
previously reported data.7

Figure S 2:14 1H NMR for 3d (N-methyl-N-phenethylbenzamide).
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3e; N-cyclohexyl-N-methylacetamide: 1H NMR (300 MHz, CDCl3) δ 4.46 (m, J = 14.0, 5.2
Hz,0.51H), 3.59 – 3.45 (m, 0.5H), 2.86 (s, 1.5H), 2.83 (s, 1.5H), 2.14 (s, 1.5H), 2.10 (s, 1.5H),
1.95 – 1.36 (m, 10H). This data matches previously reported data.8

Figure S 2:15 1H NMR for 3e (N-cyclohexyl-N-methylacetamide).
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3f; N-benzylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.82 (d, J = 6.9 Hz, 2H), 7.53 (t, J =
7.2 Hz, 1H), 7.46 (t, J = 7.2 Hz, 2H), 7.39 (d, J = 4.4 Hz, 4H), 7.37 – 7.31 (m, 1H), 6.38 (s,
1H), 4.69 (d, J = 5.6 Hz, 2H). ). This data matches previously reported data.9

Figure S 2:16 1H NMR for 3f (N-benzylbenzamide).
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3g; N-cyclohexylacetamide: 1H NMR (300 MHz, CDCl3) δ 5.29 (s, 1H), 3.86 – 3.69 (m, 1H),
1.98 (s, 3H), 1.78 – 1.66 (m, 3H), 1.59 (s, 1H), 1.46 – 1.05 (m, 6H).This data matches
previously reported data.10

Figure S 2:17 1H NMR for 3g (N-cyclohexylacetamide).
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3h; N-phenethylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.71 (d, J = 7.0 Hz, 2H), 7.55 –
7.49 (m, 1H), 7.47 – 7.42 (t, 2H), 7.41 – 7.37 (t, 2H), 7.37 – 7.29 (m, 3H), 6.12 (s, 1H), 3.76
(dd, J = 12.9, 6.7 Hz, 2H), 2.97 (t, J = 6.9 Hz, 2H). This data matches previously reported data.9

Figure S 2:18 1H NMR for 3h (N-phenethylbenzamide).
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3i; N-benzyl-N-methylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.59 – 7.12 (m, 10H), 4.79
(s, 1H), 4.54 (s, 1H), 3.06 (s, 1.5H), 2.89 (s, 1.5H). This data matches previously reported
data.11

Figure S 2:19 1H NMR for 3i (N-benzyl-N-methylbenzamide).
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3j; N-(cyclohexylmethyl)benzamide: 1H NMR (300 MHz, CDCl3) δ 7.78 (d, J = 6.7 Hz, 2H),
7.56 – 7.49 (m, 1H), 7.45 (t, J = 7.1 Hz, 2H), 6.17 (s, 1H), 3.33 (t, J = 6.4 Hz, 2H), 1.92 – 1.67
(m, 5H), 1.67 – 1.49 (m, 1H), 1.39 – 1.11 (m, 3H), 1.11 – 0.85 (m, 2H). This data matches
previously reported data.12

Figure S 2:20 1H NMR for 3j (N-(cyclohexylmethyl)benzamide).
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3k; N-benzyl-N-methylacetamide: 1H NMR (300 MHz, CDCl3) δ 7.47 – 7.14 (m, 5H), 4.58
(d, J = 18.2 Hz, 2H), 2.96 (d, J = 6.4 Hz, 3H), 2.18 (s, 3H). This data matches previously
reported data.13

Figure S 2:21 1H NMR for 3k (N-benzyl-N-methylacetamide).
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3l; N-cyclohexylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.77 (dd, J = 8.1, 1.5 Hz, 2H),
7.55 – 7.40 (m, 3H), 5.98 (s, 1H), 4.10 – 3.92 (m, 1H), 2.06-2.18 (m, J = 12.5, 3.4 Hz, 2H),
1.86 – 1.59 (m, 3H), 1.57 – 1.35 (m, 2H), 1.34 – 1.12 (m, 3H).14

Figure S 2:22 1H NMR for 3l (N- cyclohexylbenzamide).
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3m; N-cyclohexyl-N-methylbenzamide: 1H NMR (300 MHz, CDCl3): δ 7.41 (s, 5H), 4.64
– 4.45 (m, 1H), 3.58 – 3.37 (m, 1H), 2.91 (d, J = 51.9 Hz, 4H), 1.95 – 1.64 (m, 6H), 1.64 –
1.38 (m, 4H), 1.08 (s, 3H). This data matches previously reported data.15

Figure S 2:23 1H NMR for 3m (N-cyclohexyl-N-methylbenzamide).
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3n; N-(cyclohexylmethyl)acetamide: 1H NMR (300 MHz, CDCl3) δ 5.50 (s, 1H), 3.11 (t, J =
6.4 Hz, 2H), 2.00 (s, 3H), 1.81 – 1.74 (m, 4H), 1.74 – 1.65 (m, 1H), 1.52 – 1.40 (m, 1H), 1.27
(s, 3H), 1.02 – 0.87 (m, 2H). ). This data matches previously reported data.16

Figure S 2:24 1H NMR for 3n (N-(cyclohexylmethyl)acetamide).
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Percentage Conversion Calculations from NMR:

For the purpose of percentage conversion calculation, the peak corresponding to the unreacted
starting material in the NMR spectrum of the crude mixture (peak a) was integrated and
compared to the product peak (peak b). Therefore, the formula used for the yield calculation
was (a)/(a+b)*100, where a and b correspond to the relative intensities of a and b.

3o; N-phenylacetamide: Calculated conversion is 13 %.
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Figure S 2:25 Percentage conversion for 3o from NMR. (b) and (c) represent the stacked
NMR of the start material, Aniline and the crude product, 3o (N-phenylacetamide) respectively,
while (d) shows the ratio of the starting material and the product obtained by integrating the
corresponding peaks.
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3p; N-isopropyl-N-phenylacetamide: Calculated conversion is 18 %
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Figure S 2:26 Percentage conversion for 3p from NMR. (b) and (c) represents the stacked
NMR of the start material, N-Isopropylaniline and the crude product, 3p (N-isopropyl-Nphenylacetamide) respectively, while (d) shows the ratio of the starting material and the
product obtained by integrating the corresponding peaks.
3q; N-(2-ethylphenyl)acetamide: Calculated conversion is 14 %
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Figure S 2:27 Percentage conversion for 3q from NMR. (b) and (c) represents the stacked
NMR of the start material, 2-ethylaniline and the crude product, 3q (N-(2ethylphenyl)acetamide) respectively, while (d) shows the ratio of the starting material and the
product obtained by integrating the corresponding peaks.
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3r; N-(4-chlorophenyl)acetamide: Calculated conversion is 10 %.

Figure S 2:28 Percentage conversion for 3r from NMR. (b) and (c) represents the stacked
NMR of the start material, 4-chloroaniline and the crude product, 3r (N-(4S65

chlorophenyl)acetamide) respectively, while (d) shows the ratio of the starting material and the
product obtained by integrating the corresponding peaks.
3s; N-isopropyl-N-phenylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.28 – 7.01 (m, 10H),
5.55 – 4.89 (m, 1H), 1.23 (d, J = 6.8 Hz, 6H).17 Percentage conversion is 77 %.
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Figure S 2:29 Percentage conversion for 3s from NMR.

(a) represent the NMR spectrum

of the clean product, (b) and (c) represents the stacked NMR of the start material, 3s (NIsopropylaniline) and the crude product, N-isopropyl-N-phenylbenzamide respectively, while
(d) shows the ratio of the starting material and the product obtained by integrating the
corresponding peaks.

S67

3t; N-phenylbenzamide: 1H NMR (300 MHz, CDCl3) δ 7.90 (d, J = 6.8 Hz, 2H), 7.83 (s, 1H),
7.67 (d, J = 7.7 Hz, 2H), 7.54 (dt, J = 14.3, 6.9 Hz, 3H), 7.41 (t, J = 7.9 Hz, 2H), 7.18 (t, J =
7.4 Hz, 1H). This data matches previously reported data.18
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Figure S 2:30 Percentage conversion for 3t from NMR. (a) represent the NMR spectrum of
the pure product, 3t (N-phenylbenzamide), (b) and (c) represents the stacked NMR of the start
material, Aniline and the crude product, N-phenylbenzamide respectively, while (d) shows the
ratio of the starting material and the product obtained by integrating the corresponding peaks.
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3u; N-(2-ethylphenyl)benzamide: 1H NMR (300 MHz, CDCl3) δ 7.99 (d, J = 7.8 Hz, 1H),
7.91 (dd, J = 8.1, 1.4 Hz, 2H), 7.74 (s, 1H), 7.64 – 7.57 (t, 1H), 7.53 (t, J = 7.1 Hz, 2H), 7.34 –
7.26 (m, 2H), 7.20 (t, J = 6.8 Hz, 1H), 2.72 (q, J = 7.6 Hz, 2H), 1.32 (t, J = 7.6 Hz, 3H). This
data matches previously reported data.19 Percentage conversion here is 83%.
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Figure S 2:31 Percentage conversion for 3u from NMR. (a) represent the NMR spectrum
of the pure 3u (N-(2-ethylphenyl)benzamide) (b) and (c) represents the stacked NMR of the
start material, 2-ethylaniline and the crude product, N-(2-ethylphenyl)benzamide respectively,
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while (d) shows the ratio of the starting material and the product obtained by integrating the
corresponding peaks.

3v; N-(4-chlorophenyl)benzamide: 1H NMR (300 MHz, CDCl3) δ 7.86 (dd, J = 8.2, 1.4 Hz,
2H), 7.81 (s, 1H), 7.60 (d, J = 8.8 Hz, 2H), 7.56 (dt, J = 2.9, 2.2 Hz, 1H), 7.49 (t, J = 7.2 Hz,
2H), 7.34 (d, J = 8.9 Hz, 2H). This data matches previously reported data. 9Percentage
conversion is 76.5%.
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Figure S 2:32 Percentage conversion for 3v from NMR. (a) represents the NMR spectrum
of the pure product, 3v (N-(4-chlorophenyl)benzamide), (b) and (c) represents the stacked
NMR

of

the

start

material,

4-chloroaniline

and

the

crude

product,

N-(4-

chlorophenyl)benzamide respectively, while (d) shows the ratio of the starting material and the
product obtained by integrating the corresponding peaks.
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3w; N-(4-(tert-butyl)phenyl)benzamide: 1H NMR (300 MHz, CDCl3) δ 7.86 (dd, J = 8.2, 1.4
Hz, 2H), 7.83 (s, 1H), 7.55 (m, J = 8.7 Hz, 3H), 7.48 (t, J = 7.1 Hz, 2H), 7.39 (d, J = 8.7 Hz,
2H), 1.33 (s, 9H). ). This data matches previously reported data. 9

Figure S 2:33 1H NMR for 3w (N-(4-(tert-butyl)phenyl)benzamide).
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3x; N-(4-methoxyphenyl)benzamide): 1H NMR (300 MHz, CDCl3) δ 7.89 (d, J = 7.9 Hz,
1H), 7.61 – 7.46 (m, 2H), 6.93 (d, J = 9.0 Hz, 1H), 6.80 – 6.73 (m, 3H), 6.71 – 6.63 (m, 2H),
3.84 (s, 1H), 3.76 (s, 3H). This data matches previously reported data.20

Figure S 2:34 1H NMR for 3x (N-(4-methoxyphenyl)benzamide).
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N-Ac-G-M: 1H NMR (300 MHz, DMSO) δ 8.34 (t, J = 5.6 Hz, 1H), 7.47 (d, J = 6.9 Hz, 1H),
3.85 (q, J = 11.7, 5.9 Hz, 1H), 3.60 (d, J = 5.6 Hz, 2H), 2.39 – 2.21 (m, 2H), 1.94 (s, 3H), 1.91
– 1.85 (m, 1H), 1.86 (s, J = 9.3 Hz, 3H), 1.78 – 1.66 (m, 1H). HRMS m/z calculated for
C9H17N2O4S [(M+H)+] 249.0909, found 249.0910. These results match previously reported
data.21

Figure S 2:35 1H NMR for N-Ac-G-M.
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N-Ac-A-A: 1H NMR (300 MHz, D2O) δ 4.27 (q, J = 7.2 Hz, 1H), 4.10 (q, J = 7.2 Hz, 1H),
2.00 (s, 3H), 1.35 (d, J = 7.2 Hz, 3H), 1.31 (d, J = 7.2 Hz, 3H). HRMS m/z calculated for
C8H14N2O4 [(M+H)+] 203.1032, found 203.1030. Percentage conversion is 79 %.

Figure S 2:36 1H NMR for N-Ac-A-A.
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Reusability of the photocatalyst

The reusability of photocatalyst DPP-(FOH)2 was assessed by performing the amidation
between 1a and 2a under the optimized reaction conditions (Figure 3B). After running the
reaction for 20 h in the first cycle, DPP-(FOH)2 was filtered off from the reaction mixture.
DPP-(FOH)2 was then collected and dried under reduced pressure. After drying, the solid DPP(FOH)2 was then added in a vial, and 1 mL of 100 mM phosphate buffer was then added along
with 1a (100 mM) and 2a (120 mM). The reaction mixture was then irradiated with white light
for 20 h under continuous stirring, mimicking the optimized reaction conditions (Table 1,
Reaction 13). Yields for the amidation reactions were determined from NMR after extracting
the product with EtOAc followed by washing with deionized H2O and drying under reduced
pressure. This process was repeated for 5 total cycles. Full conversion was obtained for each
cycle. 1H NMRs obtained after each cycle are presented below. For the purpose of percentage
conversion calculation, the peak a corresponding to the unreacted starting material in the NMR
spectra of the crude products was integrated and compared to the product peak b (assigned in
Figure S4). Therefore, the formula used for the percentage conversion calculation was
(a)/(a+b)*100, where a and b are the integral intensities of a and b, respectively.
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Figure S 2:37 NMRs for the recyclability experiment. (A) Model reaction for testing
reusability of the photocatalyst, DPP-(FOH)2. (B) NMRs obtained after separating the catalyst
from the reactants. (C) Zoomed in NMRs obtained after separating the catalyst from the
reactants.
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Flow Reactor design
The facile separation and reusability of DPP-(FOH)2 were exploited to develop a flow-through
photoreactor (Figure 4C, Figure S22) for catalytic amidation. In this design, a syringe pump
(New Era Pump Systems, Inc., USA. Model number NE4000) injects a solution containing 1a
and 2a in 100 mM phosphate buffer of pH 6.7 into a flex column (Kimble, 420401-0704)
containing 1 mL 10 mM DPP-(FOH)2. These conditions were selected based on the optimized
conditions in Table 1, Reaction 13. The outlet of the flex column was connected to vial via a
needle to collect the product, while the catalyst remained in the flex column as a result of the
fret at the bottom. The collection vial was then connected to another syringe pump to create a
negative pressure to provide precise control over the flowrate. Flowrates for the inlet and outlet
syringe pump were adjusted in a way that at any given time concentration of DPP-(FOH)2
inside the flex column remained at 10 mM, and the volume of the phosphate buffer in the
column remained 1 mL. A small stir bar was added to the flex-column for proper mixing. A
solution of 1a and 2a in 100 mM phosphate buffer of pH 6.7 were then passed through the flex
column under continuous stirring and photoirradiation. [1a], [2a], and overall flowrate were
varied to optimize conditions for amidation (Figure 4D). The first 0.5 mL solution collected
in the collection vial was discarded from each run to account for dead space in the column and
tubing. The following 1 mL solution in the collection vial were extracted with EtOAc, washed
with deionized H2O, and then used to calculate yields after drying it under reduced pressure.
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Figure S 2:38 A labelled picture of the flow reactor

S81

References
1

Biswas, S. et al. Visible-light photooxidation in water by

1

O2-generating

supramolecular hydrogels. Chem. Sci. 11, 4239-4245 (2020).
2

Monti, F., Baschieri, A., Sambri, L. & Armaroli, N. Excited-State Engineering in

Heteroleptic Ionic Iridium(III) Complexes. Acc. Chem. Res. 54, 1492-1505 (2021).
3

Ley, D., Guzman, C. X., Adolfsson, K. H., Scott, A. M. & Braunschweig, A. B.

Cooperatively Assembling Donor–Acceptor Superstructures Direct Energy Into an Emergent
Charge Separated State. J. Am. Chem. Soc. 136, 7809-7812 (2014).
4

Muraca, A. C. A., Perecim, G. P., Rodrigues, A. & Raminelli, C. Convergent Total

Synthesis of (±)-Apomorphine via Benzyne Chemistry: Insights into the Mechanisms Involved
in the Key Step. Synthesis 49, 3546-3557 (2017).
5

Ma, J., Zhang, J. & Gong, H. Mn(II)-Catalyzed N-Acylation of Amines. Synthesis 51,

693-703 (2019).
6

Orsy, G., Fülöp, F. & Mándity, I. M. Direct amide formation in a continuous-flow

system mediated by carbon disulfide. Catal. Sci. Technol. 10, 7814-7818 (2020).
7

McPherson, C. G., Caldwell, N., Jamieson, C., Simpson, I. & Watson, A. J. B.

Amidation of unactivated ester derivatives mediated by trifluoroethanol. Org. Biomol. Chem.
15, 3507-3518 (2017).
8

Gediya, S. K., Vyas, V. K., Clarkson, G. J. & Wills, M. Asymmetric Transfer

Hydrogenation of α-Keto Amides; Highly Enantioselective Formation of Malic Acid Diamides
and α-Hydroxyamides. Org. Lett. 23, 7803-7807 (2021).
9

Zhang, R. et al. A practical and sustainable protocol for direct amidation of unactivated

esters under transition-metal-free and solvent-free conditions. Green Chem. 23, 3972-3982
(2021).

S82

10

Wang, Y., Chang, Z., Hu, Y., Lin, X. & Dou, X. Mild and Selective Rhodium-Catalyzed

Transfer Hydrogenation of Functionalized Arenes. Org. Lett. 23, 1910-1914 (2021).
11

Zhao, B., Xiao, Y., Yuan, D., Lu, C. & Yao, Y. Synthesis and characterization of

bridged bis(amidato) rare earth metal amides and their applications in C–N bond formation
reactions. Dalton Trans. 45, 3880-3887 (2016).
12

Xu, X., Feng, H., Huang, L. & Liu, X. Direct Amidation of Carboxylic Acids through

an Active α-Acyl Enol Ester Intermediate. J. Org. Chem. 83, 7962-7969 (2018).
13

Pelagalli, R., Chiarotto, I., Feroci, M. & Vecchio, S. Isopropenyl acetate, a remarkable,

cheap and acylating agent of amines under solvent- and catalyst-free conditions: a systematic
investigation. Green Chem. 14, 2251-2255 (2012).
14

Liu, J., Fujita, H., Kitamura, M., Shimada, D. & Kunishima, M. Development of a

triazinedione-based dehydrative condensing reagent containing 4-(dimethylamino)pyridine as
an acyl transfer catalyst. Org. Biomol. Chem. 19, 4712-4719 (2021).
15

Hoque, M. E., Hassan, M. M. M. & Chattopadhyay, B. Remarkably Efficient Iridium

Catalysts for Directed C(sp2)–H and C(sp3)–H Borylation of Diverse Classes of Substrates. J.
Am. Chem. Soc. 143, 5022-5037 (2021).
16

Morioka, Y. et al. Selective hydrogenation of arenes to cyclohexanes in water catalyzed

by chitin-supported ruthenium nanoparticles. Catal. Sci. Technol. 6, 5801-5805 (2016).
17

Li, Y., Jia, F. & Li, Z. Iron-Catalyzed Oxidative Amidation of Tertiary Amines with

Aldehydes. Chem. Eur. J. 19, 82-86 (2013).
18

Liang, F. et al. Photo-on-Demand Synthesis of Vilsmeier Reagents with Chloroform

and Their Applications to One-Pot Organic Syntheses. J. Org. Chem. 86, 6504-6517 (2021).
19

Mishra, A., Singh, S. & Srivastava, V. Cerium Catalyzed Transamidation of Secondary

Amides under Ultrasound Irradiation: A Breakthrough in Organic Synthesis. Asian J. Org.
Chem. 7, 1600-1604 (2018).

S83

20

Zhao, Q. et al. IPr# – highly hindered, broadly applicable N-heterocyclic carbenes.

Chem. Sci. 12, 10583-10589 (2021).
21

Canavelli, P., Islam, S. & Powner, M. W. Peptide ligation by chemoselective

aminonitrile coupling in water. Nature 571, 546-549 (2019).

S84

S3: Photomechanochemical control over stereoselectivity
in the [2+2] photodimerization of acenaphthylene

S3.1 General methods

All reagents were purchased from Aldrich or VWR and used without further purification unless
otherwise noted. Deuterated solvents were purchased from Cambridge Isotope Laboratories
Inc. and used as received. NMR spectra were obtained on a Bruker 300 MHz spectrometer. All
chemical shifts were reported in ppm units (δ) using residual solvent as the internal reference.
HPLC

grade

solvents

were

used

for

all

the

photocycloaddition

experiments.

Photocycloaddition reactions were performed in a PhotoRedOx box purchased from
HepatoChem (SKU: HCK1006-01-025) unless otherwise noted. All reactions were irradiated
with a blue light (HepatoChem, DX Series light 30 W, λmax = 450 nm).

S3.2 Photocycloaddition of acenaphthylene in a modified ball-mill reactor

To carry out the dimerization of acenaphthylene under photomechanochemical conditions, a
ball-mill reactor (SPEXSamplePrep, 8000M) was modified (Figure S3.1) with a blue LED
(HepatoChem, DX Series light 30 W, λmax = 450 nm), and the reaction was run in a glass vial
(20 mL) with two methacrylate balls (SPEXSamplePrep, 8006A, 9.5 mm diameter, 350 mg)
so light could reach the reagents during milling. In addition, we found it is necessary to
fluorinate the vial1-2 and add silica gel (SILICYCLE, SilicaFlash GE60, Lot # 240320, 70230 mesh) to the reaction to prevent the reagents from adhering to the side walls. To fluorinate
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the vial, 4 ml of toluene was taken in a separate 20 mL vial. 10 drops of heptadecafluoro1,1,2,2-tetra(hydrodecyl)trichlorosilane was then added to the toluene containing vial. The
glass vial of interest (for performing photomechanochemistry) and the vial containing toluene
solution of silane were then kept on opposite sides of a large (~30-cm diameter) vacuum
desiccator and vacuum was applied until the toluene solution began to boil. The desiccator was
then kept under static vacuum for 12 h. After 12 h, the vial was removed and washed with
toluene to wash excess silane on the surface. After fluorinating the vial, acenaphthylene (1.2
g) and silica gel (1.2 g) were added to the vial under inert Ar atmosphere, unless otherwise
noted, and milled for 20 h at a frequency of 17.7 Hz. Upon completion of the milling, yields
and anti:syn ratios were determined using 1H NMR spectroscopy by dissolving a portion of
crude in CDCl3 followed by filtration to remove silica from the CDCl3 solution.

Figure S 3:1 Modified ball-mill for photomechanochemistry
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S3.3 Selectivity and Yield calculations from NMR:

For selectivity, integration values for the aliphatic protons a and b were used (Figure S3.2). It
has been reported3 before that the peak at 4.83 ppm corresponds to the peak a from syn dimer
and the peak at 4.08 ppm corresponds to the b from anti dimer. So, for the calculation of anti
selectivity, the formula used was b/(a+b)*100. For the yield calculation, disappearance of the
peak at 7.07 ppm which corresponds to the peak c (Figure S3.2) of unreacted acenaphthylene
was used. So, the formula used for the yield calculation was, (a+b)/(a+b+c)*100.

Figure S 3:2 NMR peak assignments for selectivity and yield calculations.

S3.4 NMRs for the photocycloaddition reactions in solid-state ball-mill
reactor under ball-milling

S87

Figure S 3:3 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in ball-mill at 25 oC after 20 h of photoirradiation (Table 4.1, Entry 1).

Figure S 3:4 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in ball-mill at 25 oC after 20 h of photoirradiation (Table 4.1, Entry 2).
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Figure S 3:5 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in ball-mill at 25 oC after 20 h of photoirradiation (Entry 3, Table 4.1)

S3.5 Photocycloaddition of acenaphthylene in solid-state crystal in the
absence of ball milling

To determine whether force has a role in stereoselectivity, the reaction was carried out on
acenaphthylene crystals by illuminating them in the absence of force. The acenaphthylene
crystals (100 mg) were ground with mortar and pestle, sealed in a petri dish under either inert
or ambient atmosphere, and the ground crystals were then irradiated with blue LED
(HepatoChem, DX Series light 30 W, λmax = 450 nm) for 20 h (Table 4.1, entries 4 – 7).
Upon completion of the milling, yields and anti:syn ratios were determined by 1H NMR
spectroscopy by dissolving a portion of crude in CDCl3 followed by filtration to remove silica
from CDCl3 solution.
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S3.6 NMRs for the photocycloaddition reactions in solid-state crystal in the
absence of ball milling

Figure S 3:6 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in solid state at 25 oC after 20 h of photoirradiation (Table 4.1, Entry
4).
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Figure S 3:7 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in solid state at 25 oC after 20 h of photoirradiation (Table 4.1, Entry
5).

Figure S 3:8 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in solid state at 25 oC after 20 h of photoirradiation (Table 4.1, Entry
6).
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Figure S 3:9 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in solid state at 25 oC after 20 h of photoirradiation (Table 4.1, Entry
7).

S3.7 Photocycloaddition of acenaphthylene in solution

To study the effect of solvent on the stereoselectivity of the [2+2] photocycloaddition of
acenaphthylene the reaction was studied in a series of binary solvent mixtures. First, a 5 M
solution of acenaphthylene was prepared in DMSO. 4 μL of this stock solution was then added
to 1 mL of desired solvents and sonicated for 1 min to make a homogeneous solution. Ar was
bubbled into all solvents for 1 min, before and after the addition of stock solution, to remove
dissolved O2. All reactions were irradiated with a blue light (HepatoChem, DX Series light 30
W, λmax = 450 nm) at room temperature for 2 h, unless otherwise noted. We first tested the
photocycloaddition reaction in 6 different solvents, DMSO, EtOH, MeOH, DMF, MeCN, and
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H2O. Binary solvent mixtures composed of one organic solvent with varying volume
percentages of H2O were also studied. After each reaction, 1 mL of CDCl3 and 1 mL of H2O
were added directly to the reaction vials to extract the crude products and unreacted
acenaphthylene into the organic layer. The organic layer was dried over Na2SO4 (anhydrous),
and filtered. Selectivities and yields for all reactions were then determined from 1H NMR in
CDCl3 (300 MHz) (Table S1, Figure S9-S24).

Table 3S. 1. Effect of solvent on the [2+2] photocycloaddition of acenaphthylenea

a: All reactions contain 0.4 % (v/v) DMSO and 3.0 mg of acenaphthylene in 1 mL solvent. All
solvents were purged with Ar. Yields and selectivities were determined from 1H NMR in
CDCl3. Photocycloaddition reactions were performed in a PhotoRedOx box (HepatoChem;
HCK1006-01-025) with a blue LED light (DX Series light 30 W, λmax = 450 nm). [a] Reactions
were stopped after 2 h of photoirradiation at 25 oC. [b] Reaction was stopped after 16 h of
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photoirradiation at 25 oC. [c] Reaction was stopped after 16 h of photoirradiation at 10 oC. [d]
Yield: Combined yields of syn and anti products.

S3.8 NMRs for the photocycloaddition reactions in solvents

Figure S 3:10 1H NMR (300 MHz, CDCl3) spectra of the products from photodimerization
of acenaphthylene in H2O at 25 oC after 2 h of photoirradiation (Table 3S.1., Entry 8).
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Figure S 3:11

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 25% DMSO (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 9).

Figure S 3:12

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 50% DMSO (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 10)
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Figure S 3:13

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% DMSO at 25

oC

after 2 h of

photoirradiation (Table S1, Entry 11).

Figure S 3:14

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 25% EtOH (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 12)
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Figure S 3:15

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 50% EtOH (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 13).

Figure S 3:16

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% EtOH at 25

oC

after 2 h of

photoirradiation (Table S1, Entry 14).
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Figure S 3:17

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 25% MeOH (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 15).

Figure S 3:18

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 50% MeOH (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 16).
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Figure S 3:19

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% MeOH at 25

oC

after 2 h of

photoirradiation (Table S1, Entry 17).

Figure S 3:20

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 25% DMF (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 18).
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Figure S 3:21

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 50% DMF (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 19).

Figure S 3:22

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% DMF at 25 oC after 2 h of photoirradiation
(Table S1, Entry 20).
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Figure S 3:23

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 25% MeCN (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 21).

Figure S 3:24

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 50% MeCN (in H2O) at 25 oC after 2 h of
photoirradiation (Table S1, Entry 22).
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Figure S 3:25

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% MeCN at 25

oC

after 2 h of

photoirradiation (Table S1, Entry 23).

Figure S 3:26

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% H2O at 25 oC after 16 h of photoirradiation
(Table S1, Entry 24).
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Figure S 3:27

1H

NMR (300 MHz, CDCl3) spectra of the products from

photodimerization of acenaphthylene in 100% H2O at 10 oC after 16 h of photoirradiation
(Table S1, Entry 25).

S3.9 MicroED

Sample Preparation
3-5 μL of 20 mM acenaphthylene solutions in CHCl3 were applied to the surface of continuous
carbon coated copper mesh EM grids [Electron Microscope Sciences CF400-CU] for 20 sec
and then wicked dry from the grid edge using filter paper [Whatman Cat No 1001-070].
Data Collection
For the collection of diffraction data, standard MicroED Data collection procedures were used
as described below4. Grids containing the crystalline samples were loaded into a Titan Krios
cryo-TEM equipped with a CETA D detector for MicroED data collection, and all steps were
performed using the “low dose” mode of the cryo-TEM. Low magnification (LM mode, ~600x)
was used to initially screen the quality of the grids and identify promising nanocrystals on the
grid. Initial diffraction patterns were collected from single crystals by switching the cryo-TEM
into diffraction mode and acquiring an initial diffraction pattern. If this initial diffraction
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pattern showed high quality diffraction, a full MicroED data set was collected from the crystal.
MicroED data sets were collected by continuously rotating the crystal in the beam as the CETA
D camera continuously acquired diffraction images.

Figure S 3:28 Example diffraction patterns from acenaphthylene crystal MicroED data
sets.

Data Processing
MicroED data were converted from MRC to SMV format for further data processing5. The data
sets were indexed, integrated, and scaled using XDS6. Structures were solved by direct methods
in SHELXT7 and refined using SHELXL8.

Table 3S. 2 Data collection and refinement statistics.
acenaphthylene
Data collection
Excitation Voltage
Wavelength (Å)
Number of crystals

300 kV
0.019687
7
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Data Processinga
Space group
Unit cell length a, b, c (Å)
Angles α, β, ɣ (°)
Resolution (Å)
Number of reflections
Unique reflections
Robs (%)
Rmeas (%)
I/σΙ
CC1/2 (%)
Completeness (%)

P21/n
7.72, 4.78, 19.85
90.000, 92.219, 90.000
10.00 - 0.80 (0.83 - 0.80)
13,453
1,494
33.8 (84.8)
35.8 (107.9)
3.44 (0.61)
97.2 (50.2)
89.4 (55.0)

Structure Refinement
R1b
wR2
GooF

0.2738 (0.2174)
0.4720
1.376

a

Values in parentheses represent the highest resolution shell

b

Values in parentheses represent the R1 for F2o > 2σ(F2o)

Figure S 3:29 MicroED structure of anti dimer of acenaphthylene.
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S3.1 Computational Details:

The density functional theory calculations were performed using B3LYP-D3 hybrid density
functional in conjunction with Pople’s 6-31G(d) basis set as implemented in Q-Chem quantum
chemistry package.9 The energy difference between the syn and anti initial state supramolecular
dimers was benchmarked using both B3LYP-D3/6-31G(d) and M06-2X-D3/6-31G(d) level of
theory. The syn conformer supramolecular dimer is found to be stable by 2.15 and 2.13
kcal/mol than the anti using B3LYP-D3/6-31G(d) and M06-2X-D3/6-31G(d) respectively,
thereby suggesting no significant dependence on the level of theory used between these two.
Here, we have used the initial supramolecular states obtained from M06-2X-D3/6-31G(d), as
B3LYP-D3/6-31G(d) was unable converge in a geometry similar to the supramolecular dimer.
As such supramolecular dimers are (Figure 2) more reasonable approximation of the initial
states in a solid-state crystal, the geometry from M06-2X-D3/6-31G(d) was considered and
then a constrained optimization was performed using B3LYP-D3/6-31G(d) to properly scale
the energy in Figure 2. The force in the simulation was applied by external force explicitly
included (EFEI) method.10 Note that the reported data regarding EFEI was performed using
B3LYP hybrid density functional in conjunction with Pople’s 6-31G(d), and dispersion
correction was not used as there were convergences issues observed while using EFEI and
dispersion correction together. The transition states were characterized by one and only one
imaginary frequency and the transition states coordinates are given in Table S2. The energy
decomposition analysis (EDA)11 was carried out to understand the effect of force on the
acenaphthylene syn and anti supramolecular dimers. In this case, the monomers were
considered as separate fragments and the electronic interaction between them was quantified
through EDA. Here, single point calculation was performed on the optimized geometry
obtained by EFEI calculations. The total interaction energy is considered as the summation of
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frozen density term, polarization term, and charge transfer term. The reported charge transfer
values were calculated using Roothan step correction. The vertical excitation energies reported
in Figure 2 were calculated using time dependent density functional theory calculation with
Tamm-Dancoff approximation at B3LYP-D3/6-31G(d) level of theory.

Table S2. Transition state (TS) coordinates for syn and anti product formation
TS for syn
C

-0.042559938 1.710588072 -2.192453605

C

-0.52713674 0.409128497 -1.928094481

C

1.25717469

2.097945754 -1.882834486

C

0.33293665

-0.487611166 -1.310053886

C

0.242008099 -1.914187715 -0.962229084

C

2.156127652 1.203173368 -1.241441217

C

1.626038213 -0.058648338 -0.92976237

C

1.473531424 -2.242821092 -0.233785546

C

2.348668887 -1.118581834 -0.300710792

C

3.529562894 1.400253683 -0.917320963

C

3.681317978 -0.880363155 0.024814472

C

4.245068359 0.373705158 -0.313471313

C

-1.438961041 -2.332241105 0.331259621

C

-0.279866807 -2.015032723 1.166303281

C

-2.328629361 -1.206952511 0.326964902

C

-0.421412402 -0.62071592 1.55123739

C

-3.584205375 -0.920750665 -0.210281588

C

-1.664724065 -0.171531107 1.043642649
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C

0.405624379 0.278514289 2.203820269

C

-4.135505218 0.369114172 0.00197046

C

-2.174579241 1.12373714

C

-0.067900476 1.596785919 2.380951093

C

-3.471049431 1.37704993

0.687858161

C

-1.316615555 2.01200896

1.925844892

H

-0.705114106 2.426560972 -2.671006266

H

-1.544783437 0.136324964 -2.187915436

H

-0.235248487 -2.61060743 -1.643015305

H

1.774597655 -3.263881925 -0.033184945

H

4.298119087 -1.653859316 0.474415948

H

5.299275797 0.531789694 -0.098942037

H

1.592646653 3.098477093 -2.144683077

H

4.018185189 2.337402889 -1.166863825

H

-1.7148385

H

0.254549187 -2.747424363 1.754978929

H

-4.154524834 -1.666710535 -0.758008154

H

1.393401545 -0.011766067 2.546239286

H

-5.12714727 0.576423879 -0.393632489

H

0.57034067

H

-3.931414404 2.352567086 0.818175441

H

-1.631302316 3.038439941 2.099085942

1.224636655

-3.344350054 0.060388808

2.314261173 2.888963913

TS for anti
H

2.656971994 2.111239724 -3.254064185

H

0.584013589 1.568642691 -2.027593859
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C

2.697718402 1.368380917 -2.461643357

C

1.505872988 1.075350637 -1.745360977

H

-0.355123363 -0.900077007 -0.36622987

C

3.896450612 0.725989307 -2.198453409

C

1.54809445

C

0.503542521 -0.499710434 0.182314691

C

3.96040799

C

2.774950426 -0.497156159 -0.470228843

C

1.265679403 -1.497166314 0.929316252

C

2.611642673 -1.524917025 0.514604091

C

5.057097626 -1.127659177 -0.879564025

H

0.829414441 -2.135815862 1.687898736

C

3.71531893

C

4.913909999 -2.127682969 0.078846672

H

3.645858772 -3.160548934 1.504364255

H

5.757793776 -2.78398411 0.276408089

H

4.780267567 0.959339911 -2.787075217

H

5.991011359 -1.027015497 -1.425837294

H

-0.619859862 -0.72916368 3.007203225

C

-1.117409287 -0.190364036 2.210493713

C

-0.411086259 0.600846328 1.204132163

H

0.365884909 1.284185267 1.546803188

C

-2.483196127 -0.303930712 1.882170697

C

-1.531109254 1.189471448 0.355376892

C

-3.580952677 -1.02368595 2.384856062

0.141788774 -0.726680995

-0.270008228 -1.186075608

-2.34468296 0.790188048
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C

-2.711804099 0.534567539 0.742980951

C

-1.611293484 2.113035191 -0.670381665

C

-4.83362018 -0.890538165 1.749956879

H

-3.480297529 -1.675418158 3.248177331

C

-3.960544669 0.693882622 0.114908113

C

-2.860196949 2.313888271 -1.322182861

H

-0.749686597 2.689381342 -0.989920119

H

-5.675260021 -1.454487007 2.145066277

C

-5.043327889 -0.062414314 0.649530857

C

-4.002353115 1.615742614 -0.966489301

H

-2.910958645 3.033798016 -2.134880047

H

-6.033858311 0.020916358 0.209640376

H

-4.934999723 1.782984939 -1.500491762
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